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Le distrofie miotoniche (DM) sono malattie neuromuscolari degenerative a base 
genetica caratterizzate dalla progressiva alterazione di diversi organi e tessuti (ad 
esempio, tessuto muscolare scheletrico, cardiaco e liscio, sistema nervoso centrale), 
dei quali uno dei più compromessi è il muscolo scheletrico. Esistono due tipi di 
DM: la forma più grave è denominata DM di tipo 1 (o malattia di Steinert) e la 
forma più lieve è detta DM di tipo 2 (conosciuta anche come “proximal Myotonic 
Myopathy” o “PROMM”). I meccanismi patogenetici molecolari sono, per la DM1, 
l’espansione della tripletta (CTG)n nella regione 3’ UTR del gene Dystrophia 
Myotonica Protein Kinase (DMPK), mentre l’espansione della quadripletta 
(CCTG)n nel primo introne del gene Nucleic Acid Binding Protein/Zinc Finger 9 
(CNBP/ZNF9) è responsabile della DM2. La trascrizione di queste sequenze 
ripetute produce RNA tossico che si accumula in aggregati ribonucleoproteici 
nucleari (chiamati foci) e provoca una generale alterazione dello splicing. Il 
principale problema di queste patologie è che, ad oggi, non esiste una terapia 
risolutiva e gli approcci terapeutici attualmente in uso sono puramente sintomatici. 
Attualmente, la ricerca farmacologica sta valutando l’efficacia di piccole molecole, 
come la pentamidina (PTM), in grado di limitare le alterazioni dello splicing 
associate alla DM: la PTM è un farmaco antiprotozoario e chemioterapico in grado 
di ridurre la formazione di foci nucleari nella DM; tuttavia rappresenta una terapia 
scarsamente applicabile a causa della elevata tossicità a livello sistemico. Per 
superare queste limitazioni, un approccio adeguato può essere la veicolazione di 
farmaci mediante nanovettori biocompatibili, in grado di migliorare la 
somministrazione mirata e diminuire la tossicità sistemica.  
Pertanto, l’obbiettivo principale di questo lavoro di tesi è stato quello di 
individuare una strategia terapeutica innovativa per la DM basata su nanovettori 
biocompatibili per la veicolazione di PTM.  
A questo scopo, su linee cellulari tumorali e su colture primarie di cellule 
muscolari umane è stata testata in vitro, la biocompatibilità di differenti tipologie 
di nanovettori [liposomi, nanoparticelle a base di poly(lactic-co-glycolic acid) 
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(PLGA), nanoparticelle di silice mesoporosa]. Mediante microscopia a 
fluorescenza convenzionale e confocale e la microscopia elettronica a trasmissione, 
si è studiato il meccanismo di internalizzazione, la distribuzione intracellulare e la 
degradazione delle differenti tipologie di nanosistemi testati. Tutte le nanoparticelle 
sperimentate sono risultate biocompatibili per tutti tipi cellulari considerati, 
sebbene le cellule di origine muscolare (in particolare i miotubi) abbiano mostrato 
una capacità di internalizzazione inferiore rispetto ai modelli tumorali.  
Inoltre, in collaborazione con l’Università di Lione, sono state sviluppate 
nanoparticelle a base di acido ialuronico in grado di incapsulare farmaci idrofilici. 
Tali nanoparticelle sono risultate biocompatibili sia per le cellule tumorali che per 
quelle muscolari, dimostrandosi efficaci nella veicolazione di PTM a cellule 
tumorali; è attualmente in corso lo studio degli effetti di questo trattamento sulle 
cellule muscolari.  
Infine, nel tentativo di colmare il divario esistente tra le tecniche convenzionali 
di coltura cellulare in vitro e la sperimentazione in vivo, abbiamo messo a punto 
un'innovativa applicazione della tecnologia fluidodinamica per migliorare la 
preservazione di muscoli espiantati e studiare così la biodistribuzione di nanovettori 
in questi organi. I primi dati hanno rivelato come le nanoparticelle di PLGA, che 
pure sono facilmente internalizzate dalle cellule muscolari in coltura, riescano 
difficilmente a penetrare nelle miofibre nel muscolo intero, poiché la maggior parte 
di esse si accumula nel tessuto connettivo. A seguito di questo risultato, abbiamo 
intrapreso studi di funzionalizzazione delle nanoparticelle di PLGA, allo scopo di 






Myotonic dystrophy (DM) represents a genetic disorder characterized by 
progressive dysfunction of multiple organs and tissues (e.g. skeletal, cardiac, and 
smooth muscle; the central nervous systems) among which the most severely 
affected is the skeletal muscle; this condition leads patients to a progressive muscle 
weakness, wasting and myotonia. The molecular pathogenetic mechanism of DM 
type 1 (or Steinert’s) disease is the expansion of a (CTG)n triplet in 3’ UTR region 
of the Dystrophia Myotonica Protein Kinase (DMPK) gene, while  the (CCTG)n 
quadruplet expansion in the first intron of the cellular Nucleic Acid Binding 
Protein/Zinc Finger 9 (CNBP/ZNF9) is responsible for DM type 2 (previously 
named “proximal Myotonic Myopathy” or “PROMM”). These expanded repeats 
are transcribed into toxic RNA that accumulates in nuclear RNA-protein aggregates 
(called foci), and lead to a general splicing alteration. The main problem of DM 
pathologies is that no therapies are currently available, and the commonly used 
treatments are administered to only manage symptoms. At present, the 
pharmaceutical research is screening small molecules such as pentamidine (PTM) 
able to repair the DM-associated splicing defects: PTM is an antimicrobial and 
antitumor compound that can mitigate the DM missplicing, but has limited 
applicability in humans due to its high systemic toxicity. To overcome these 
limitations, the administration via biocompatible nanoparticles (NPs) may represent 
a suitable approach, improving targeted delivery of the therapeutic drug and 
decreasing its systemic toxicity. 
Therefore, the main goal of the present experimental thesis was to set up an 
innovative experimental therapeutic strategy for DM based on biocompatible NPs 
loaded with PTM. 
To this aim, different types of NPs potentially suitable for drug delivery 
[liposomes, poly(lactic-co-glycolic acid) (PLGA) NPs, mesoporous silica NPs] 
were tested for biocompatibility in vitro on stabilized tumor cell lines and cultured 
primary human muscle cells. Conventional and confocal fluorescence microscopy 
and transmission electron microscopy allowed elucidating the mechanisms of NP 
internalization, intracellular distribution, fate and degradation. The tested NPs 
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proved to be biocompatible for all the cell types investigated, although muscle-
derived cells (especially the differentiated myotubes) showed lower internalization 
capability than cancer cells.  
In addition, novel hyaluronic acid-based nanocomplexes for hydrophilic drug 
encapsulation were synthesized in collaboration with the University of Lyon; these 
NPs proved to be biocompatible for both cancer and cultured muscle cells, and to 
efficiently deliver PTM to cancer cells; the effects of PTM-loaded NPs on muscle 
cells are currently under investigation. 
Finally, in the attempt to fill the gap between the conventional cell cultures and 
the organ complexity in vivo, an in vitro fluid dynamic system was set up to improve 
the preservation of explanted muscles and was then used for monitoring the 
biodistribution of NPs in this organ. Preliminary results revealed that PLGA NPs, 
which are easily internalized by cultured muscle cells, hardly enter the myofibers 
in the whole muscle since most of them accumulate in the connective tissue; 
consequently, modifications of the NP surface are in progress to improve targeting 
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1. Myotonic dystrophy 
1.1. Morphological and functional features of human skeletal 
muscle 
In humans as well as in the other vertebrates, there are three types of muscle 
tissue: the skeletal, cardiac and smooth muscle (Table 1) (Andrew G. Engel, 2004). 
Skeletal muscle is a striated voluntary muscle: it is connected to the bones and, by 
the contraction of its cells, it is responsible for the body movements. Cardiac muscle 
is a striated involuntary muscle that constitutes the main tissue constituents of the 
heart: its contractions induce the movement of blood in the circulatory system. 
Smooth muscle is a non-striated involuntary muscle; sheaths or bundles of smooth 
muscle cells are present in the walls of hollow organs (e.g., the gut, the uterus and 
the urinary bladder) or of the arteries and veins of the blood circulatory system. 
 
Table 1. Main characteristics of the three types of muscle tissue present in Vertebrates. 
 
All muscle cells share various properties: the excitability (i.e., the capability to 
respond to a stimulus producing electrical signals called action potential or 
impulse); contractility (the ability to contract after stimulation induced by an action 
potential); extensibility (the capability of muscle to be stretched without damage); 





Through prolonged contractions and/or cycles of contractions and relaxation, the 
muscle tissue carries out four fundamental functions: production of body 
movements, maintenance of posture, thermoregulation and movement of fluids 
(e.g., the blood and the lymphatic fluid) and materials (e.g., the food and waste). 
Skeletal muscles are organs specialized for the movement and stability of the 
body. It is a voluntary organ, which means that the central nervous systems (CNS) 
controls actively its contraction. Most of the skeletal muscles are anchored to bones 
by bundles of collagen fibres know as tendons. Skeletal muscles are made of 
elongated multinucleated syncytia known as muscle fibres formed by fusion of 
precursor cells (the myoblasts) during the embryonic development (Figure 1).  
 
Figure 1. Development of skeletal muscle cell. The fusion of myoblasts forms myotubes, 
precursors of the mature muscle fibers. 
 
The muscle fibres (also called muscle cells or myofibres) are cylindrical, 
multinucleated cells, generally long from 10 to 100 µm in diameter and sometimes 
several centimetres in length. The cell membrane of muscle fibers is called 
sarcolemma and presents characteristic invaginations termed transverse tubules (T 
tubules) that penetrate into the myofibre cytoplasm, called sarcoplasm. T tubules 
permit the rapid propagation of the electrical potential and also play an important 
role in regulating cellular calcium concentration. Sarcoplasm is mostly occupied by 
myofibrils that run parallel to the length of the fibre. In each myofibril, sets of thick 





regions. The thick filaments (with a diameter around 11-12 nm) are mainly made 
of myosin, while the thin filaments (around 5-6 nm in diameter) are predominantly 
made of actin. The thin and thick filaments partially overlap to give rise to the 
typical striated pattern unit that occurs with a periodicity of about 2 to 3 µm; this 
typical repetitive unit is called the sarcomere (Figure 2). The sarcomere is bordered 
at each extremity by a dark, narrow line (about 0.1 µm thick) known as the Z line; 
each Z line bisects an I band (isotropic, in polarized light) which is common to the 
adjacent sarcomeres. The centre of the sarcomeres is dark due to the presence of the 
A band (anisotropic, in polarized light) which is itself bisected by a less dense H 
zone; in the middle of the H zone there is a lighter region often called the pseudo H 
zone or bare zone which contains a region of higher density called the M line. The 
presence of these dark and clear zones is responsible of the typical transverse 
banding that characterized the striated muscle cells. Actin and myosin filaments are 
responsible for the sarcomere shortening and muscle contraction, after the release 
of calcium from the sarcoplasmic reticulum, i.e., the endoplasmic reticulum which 
wraps around the myofibrils and is an important regulator of muscle contraction 
being an intracellular calcium storage depot. In the sarcoplasm, mitochondria are 
aligned along the myofibrils, and glycogen granules are abundantly present. 
.  
 






In the skeletal muscle, each myofibre is surrounded by a loose connective tissue 
called endomysium. Muscle cells bundles form fascicles surrounded by a dense 
irregular connective tissue called perimysium, while the hole fascicles that form the 
entire muscle are surrounded by a dense connective tissue called epimysium. 
(Figure 3). 
Skeletal muscle fibres are terminally differentiated cells that have lost the ability 
to proliferate. However, a damaged skeletal muscle is able to regenerate thanks to 
the presence of undifferentiated stem cells termed satellite cells (Yin et al., 2013). 
They are located between the sarcolemma and the basal lamina, and are normally 
quiescent; however, following appropriate stimulation (e.g., a muscle damage), 
they undergo activation, and proliferate; some of the resulting daughter cells fuse 
with pre-existing myofibres and differentiate thus restoring the muscle mass, while 
others return to quiescence and maintain the satellite cell pool.  
 
 






1.2. Pathogenic mechanisms of myotonic dystrophy  
Among the numerous pathologies affecting skeletal muscle there is myotonic 
dystrophy (DM). It is a genetically heterogeneous neuromuscular disorder with 
autosomal dominant inheritance and it has been estimated that it affects 1:8000 
individuals worldwide (Harper, 2001). However, that estimation is based solely on 
diagnosed cases of DM and, given that the diagnosis sometimes takes more than 
ten years, it is likely that diagnosed cases represent only a fraction of the population 
bearing DM mutations. Studies aimed at understanding DM prevalence are 
currently ongoing in USA and in Europe.  
A CTG repeat expansion in the 3' UTR region of the Dystrophia Myotonica 
Protein Kinase (DMPK) gene is responsible for DM type 1 (DM1; Steinert’s 
disease; OMIM 160900), whereas the instability of a CCTG repeat in the first intron 
of the CCHC-type zinc finger nucleic acid binding protein (CNBP, also known as 
ZNF9) gene is linked to DM type 2 (DM2; proximal myotonic myopathy PROMM; 
OMIM 602668) (Brook et al., 1992; Fu et al., 1992; Mahadevan et al., 1992; Liquori 
et al., 2001). Mutations in these two unrelated genes cause similar phenotypes, with 
multisystem pathological features mostly affecting skeletal muscle (muscular 
dystrophy, myotonia) but involving also other organs and systems (dilated 
cardiomyopathy, cardiac conduction defects, insulin-resistance, cataracts, disease-
specific serological abnormalities) (Harper, 2001). Clinical manifestations are 
highly variable, depending on the number of repeats, and range from minimal 
features, to moderately severe facial and distal limb muscle wasting and weakness, 
to severe congenital disorder that often lead to premature death (Harper, 2001; 
Meola and Cardani, 2015). The most severe form is congenital DM1, found in 
infants with markedly expanded CTG repeats. DM2 displays a milder clinical 
phenotype and a more benign prognosis, with no congenital form nor severe 
involvement of the CNS (Meola et al., 2002; Meola and Cardani, 2015).  
The most accepted pathogenic hypothesis is an “RNA gain-of-function” due to 
expanded RNAs that accumulate in nuclear foci and alter the expression of specific 
RNA-binding splicing regulators such as muscleblind like 1 (MBNL1) and 
CUGBP/Elav-like family member 1 (CELF1/CUGBP1) (Meola and Cardani, 





of a subset of genes in multiple tissues (Miller et al., 2000). It has been demonstrated 
(Perdoni et al., 2009) that in DM2 nuclear foci sequester also the splicing factors 
snRNPs and hnRNPs, suggesting that a general alteration of the post-transcriptional 
pathway could contribute to the multifactorial DM2 phenotype. It has been 
suggested that the spliceopathy cannot fully explain the multisystem DM 
phenotype, which might also depend on changes in gene expression and translation 
efficiency, antisense transcripts, nonconventional translation and micro-RNA 






1.3. Current therapeutic development in myotonic dystrophy  
Currently, no disease-modifying therapies are available for DM1 or DM2 
patients, and treatments are made to only manage the various symptoms; in 
particular, to reduce myotonia drugs blocking Na+ channels have been proposed: 
Mexiletine, an anti-arrhythmic agents belonging to the class 1b, which will be 
probably commercialized soon as the medicinal product NaMusclaTM intended for 
the symptomatic treatment of myotonia in adults with certains hereditary muscle 
disorders (recommendation of the Committee for Medicinal Products for Human 
Use, EMA, www.lupin.com); Flecainide, another anti-arrhythmic agent belonging 
to the class 1c (Cavalli et al., 2018); or Lamotrigine, an anticonvulsant agent used 
for epilepsy and bipolar disorder (Andersen et al., 2017). Although at present no 
specific agents activating Cl- channels have been identified, Acetazolamide, a 
carbonic anhydrase inhibitor involved in Cl- activation, is used in cases of myotonia 
non-responsive to Na+ channels blocker agents (Markhorst et al., 2014). 
At present the pharmaceutical research aimed at developing innovative drugs for 
the treatment of DM is quite limited. In recent years, Ionis Pharmaceuticals tested 
a new drug to treat DM1. This antisense drug, called IONIS-DMPKRx, was 
designed to target the toxic DMPK RNA in the skeletal muscle that is responsible 
for myotonia or muscle dysfunction. Unfortunately, in January 2017 the company 
announced that the 1/2 phase clinical trial failed. At present, Ionis 
Pharmaceuticals,Inc and Biogen are developing a technology aimed at increasing 
the efficiency of drug uptake and delivery by adding specific conjugates 
(https://us8.campaign-archive.com/?u=8f5969cac3271759ce78c8354&id=110953 
8bcf&e=cd1f4d18fe). 
Another clinical trial is currently ongoing by AMO Pharma to test the efficacy 
of AMO-02 (tideglusib) for the treatment of the CNS and neuromuscular 
dysfunctions in the severe form of congenital myotonic dystrophy (Goudron and 
Meola, 2017). AMO-02 is an inhibitor of glycogen synthase kinase 3 beta (GSK3ß), 
a protein especially active in patients affected by this particular DM form, and has 
been shown to correct the activity of regulatory proteins, such as CUGBP1, in 








Apart from the two above clinical trials, to date two main experimental 
therapeutic approaches have been described for DM1 to target expanded RNA 
repeats: i) antisense oligomer (ASO)-induced degradation of toxic CUG-containing 
RNA, and ii) inhibition of pathogenic interaction of CUG-containing RNA with 
nuclear proteins (without causing degradation of the expanded RNA) by means of 
small compounds or antisense oligonucleotides binding the CUG repeat hairpin. 
Both treatments are intended to prevent MBNLs sequestration and/or significantly 
reduce nuclear foci formation thus correcting alternative splicing abnormalities (Jog 
et al., 2012).  
Therapeutic antisense technology has great potential to target disease-associated 
RNA molecules (Bennett and Swayze, 2010), and the systemic administration of 
unformulated ASOs gave positive clinical trial data for several diseases (Raal et al., 
2010; Saad et al. 2011; van Deutekom et. al., 2007; Goemans et al., 2011; Büller et 
al. 2014; Gaudet et al. 2014). Importantly, the systemically administered ASO 
mipomersen sodium has been approved by FDA as a treatment for homozygous 
familial hypercholesterolemia (Lee et al., 2013). Second generation ASOs have 
chemically modified 2′-O-methoxyethyl (MOE) residues and a phosphorothioate 
backbone; a MOE modified ASO targeting noncoding RNAs showed a potent 
activity in skeletal muscles of the HSALR mouse model of DM1 (Wheeler et al., 
2012). Lee et al. (2012) generated gapmer ASOs with CAG repeat sequences able 
to reduce expanded CUG transcripts and RNA foci in both cell cultures from DM1 
patients and in DM1 mouse models. These antisense agents were tested in clinical 
trials in DM1 patients to evaluate the safety and tolerability of multiple doses but, 
as stated above, the results were unsatisfying. A novel ASO class containing 2′-4′ 
constrained ethyl (cEt) modifications (Seth et al., 2009) showed enhanced potency 
in vivo and favorable safety profile (Seth et al., 2009; Burel et al., 2013). Pandey et 
al. (2015) characterized in vitro and in vivo a cEt ASO that targets mouse, monkey 





potent activity against DMPK in skeletal and cardiac muscle in normal mice, human 
DMPK transgenic mice, and Cynomolgus monkeys.  
A second approach to reduce RNA dominance involves prevention of abnormal 
interactions between toxic transcripts and RNA binding proteins, either through the 
use ASOs or other small molecules. (CAG)25 morpholino ASO was designed to 
bind CUG RNA repeat expansions; its local injection into the skeletal muscle of 
HSALR mice inhibited the binding of MBNL1 to the expanded RNA, induced 
MBNL1 redistribution and a partial correction of spliceopathy, and eliminated 
myotonia (Leger et al., 2013).  
Attempts have been made to identify small molecules that may bind RNAs of 
interest by examining the secondary structural motifs: small molecules (e.g. 
pentamidine (PTM)) would present an advantage over the ASO protocols, due to 
their less problematic administration, biodistribution and bioavailability. PTM is a 
small compound with high affinity for CUG repeats, able to inhibit MBNL1 binding 
and sequestration. Although reverting the spliceopathy in the skeletal muscle of 
HSALR mice (Warf et al., 2009), PTM has limited therapeutic application due to its 
high toxicity. An improved PTM ligand partially reverted DM1 associated 
missplicing when injected intraperitoneally into HSALR mice (Parkesh et al., 2012). 
Recent reports indicate that DM does not simply depend on spiceopathy, suggesting 
that binding CUGexp may not be enough to reverse all disease pathways. Thus, 
efforts to destroy toxic RNA transcript or inhibit its formation have particular 
appeal. Childs-Disney et al. (2012) developed a small molecule that photodegrades 
the toxic transcript, and analogs of PTM were reported to inhibit the synthesis of 
CUGexp by binding to the (CTG⋅CAG)n duplex (Coonrod et al., 2013). Nguyen et 
al. (2015) have identified three small molecules that intervene in three separate 
steps of DM1 pathobiology: each of these molecules shows RNase A-like activity 
in selectively cleaving (CUG)16 in vitro and inhibits both the in vitro transcription 
of CTGexp and the sequestration of MBNL1 into the nuclear foci in a DM1 model 
cell culture. One of the agents showed enhanced phenotypic reversal in two separate 
DM1 Drosophila assays. Recently, Siboni et al. (2015) demonstrated that 
Actinomycin D (ActD), a known transcription inhibitor with affinity and specificity 





levels in both DM1 cells and mouse models, and rescues MBNL1 dependent 
missplicing events in a mouse model. Currently, ActD is most commonly used as a 
key component in the multimodal treatment of several cancers (Hill et al., 2014; 
Osborne et al., 2011).  
As for DM2 pathology, Lee et al. (2009) described a series of multivalent ligands 
displaying kanamycin A units which inhibited the r(CCUG)47–MBNL1 interaction 
in vitro (Lee et al., 2009). A triaminopyrimidine-acridine ligand was reported to be 
an in vitro inhibitor of the MBNL1-r(CCUG)6 complex but proved to be toxic in 
cellular assays (Wong et al., 2011). To improve the therapeutic potential of this 
compound a new set of ligands was developed; they maintained the key 
triaminopyrimidine recognition unit but replaced the acridine intercalator with a 
bisamidinium groove binder. The optimized ligands have low cytotoxicity and were 
able to disrupt the MBNL1-r(CCUG)n foci in DM2 cell cultures (Nguyen et al., 
2014). 
Despite the promising results obtained in experimental models in vivo and in 
vitro, at present all the tested molecules have scarce therapeutic applicability in 
humans because of their low bioavailability (due to enzymatic degradation) or high 
systemic toxicity.  
Nanocarriers, protecting the encapsulated agents from enzymatic degradation 
and to allow drug delivery and sustained release inside the cells, may represent a 
suitable approach for improving the administration of therapeutic agents and 
decreasing adverse systemic side effects. These nanocarriers must obviously be 
biocompatible and biodegradable to play their therapeutic action without damaging 
patient’s organism.  
To our knowledge, scarce information is available about experiments aimed at 
delivering therapeutic molecules for DM by using biocompatible nanoparticles 
(NPs). Therefore, nanotechnology represents a truly innovative approach to face 






2. Nanotechnology in biomedical research 
2.1. Nanoparticles for drug delivery 
Over the last years, nanotechnology has been receiving a great interest in daily 
life. The Food and Drug Administration (FDA) has never given a definition for 
“nanotechnology”, “nanomaterials” or “nanoscale”, but mentions nanotechnology 
as the science able to manipulate materials with extremely small size, usually with 
a dimension between 1 and 100 nm (Soares et al., 2018). Nowadays, 
nanotechnologies are very important in different fields including medicine, 
chemistry and environment, energy, information-communication and heavy 
industry (Kavoosi et al., 2018).  
Nanomedicine is defined as a part of the medical science that utilizes nanoscale 
materials for various applications including diagnosis, therapeutics and 
regenerative medicine (Patra et al., 2018; Kavoosi et al., 2018). The European 
medicine agency (EMA) has defined nanomedicine as a science that design systems 
having at least one component at nanoscale size for clinical application 
(https://www.ema.europa.eu/documents/presentation/presentation-quality-aspects-
nano-based-medicines-dolores-hernan-pacrez-de-la-ossa_en.pdf). The term of 
nanomedicine can cover a wide variety of materials and structures, and NPs 
represent the main material employed. The most commonly used NPs are showed 












The rational use of NPs has revolutionized the application of pharmaceutical 
drugs for therapeutic and diagnostic purposes. Due to their small size, NPs have 
unique structural, chemical, mechanical, magnetic, electrical and biological 
properties that are different from those of the equivalent bulk materials (Patra et al., 
2018). The use of such delivery systems may improve drug stability in vivo and 
prolong its blood circulation times; this can increase drug bioavailability thus 
making it possible to lower the doses to be administered, with a reduction of 
systemic toxicity and side effects.  
The clearance of NPs by the hepatic, renal and immune systems represents, in 
fact, one of the most important drawbacks in drug delivery technology because NPs 
may undergo opsonization and removal before reaching the target organs and 
tissues (Sahay et al., 2010; Adabi et al, 2017). To overcome these problems a local 
administration, the block of the activity of phagocytic cells or the modification of 
NPs surface with hydrophilic polymers represent possible solutions (Adabi et al. 
2017). When NPs reach the target organs, they NPs undergo metabolic processing, 





pharmacokinetics steps of NPs in the body: absorption, distribution, metabolism 
and excretion (Table 2). 
Table 2. Pharmacokinetic steps of NPs inside the body. 
 
 
2.2. Nanoparticle testing for biomedical application  
An important aspect in drug delivery technology is represented by the study of 
the relationships between NPs and the possible responses that can occur in living 
systems. For this reason, pre-clinical evaluations of the biocompatibility of NPs in 
in vitro and in in vivo systems represent an essential step for developing safe and 
efficient drug delivery systems.  
Biocompatibility was refined in 1987 as follow: “Biocompatibility refers to the 
ability of a material to perform with an appropriate host response in a specific 
situation” (Williams, 1987). The notion of biocompatibility is strictly related to that 
of biodegradability, i.e. the ability of the NPs system to be eliminated from the 
cell/organism without undesired negative effects. The definition of 
biocompatibility encompasses a wide and varied panel of analyses, from the 
chemical characterization of the material to the tests in vitro (cytotoxicity) and in 
vivo (e.g. hemocompatibility, irritation/intracutaneous reactivity, sensitization, 
systemic toxicity, pyrogenicity, implantation). These tests must be applied at both 
short and long term.  
The most used methods in vitro, in vivo and ex vivo for testing NPs intended for 





reference to the recent technological advancement of in vitro/ex vivo systems aimed 
at mimicking to the biological environment. 
 
2.2.1.  In vitro studies  
Regarding the interaction of nanoconstructs with the biological systems, in vitro 
studies are the first to be performed for evaluating NPs cytotoxicity.  
In general, NPs are able to easily enter the cells and to interact with their 
organelles, thanks to their small size. Once in contact or inside the cells, NPs can 
affect cellular viability through chemical or physical interactions which may induce 
structural and/or functional changes (Nel et al., 2009). 
Chemical mechanisms hindering cell viability include the production of reactive 
oxygen species (because of the destruction of balance of redox systems caused by 
the nanomaterials: Soares et al., 2018), the release of toxic ion (Xia et al., 2008), 
the disturbance of the cell membrane electron/ion-transport activity (Auffan et al., 
2008), the oxidative damage through catalysis (Foley et al., 2002) and lipid 
peroxidation (Kamat et al., 2000). On the other hand, physical mechanism includes 
disruption of the membranes (Hussain et al., 2005) or their activity (Navarro et al., 
2008; Elsaesser and Howard, 2012), altered transport processes (Ovrevik et al., 
2004), protein misfolding (Hauck et al., 2008), and protein aggregation/fibrillation 
(Chen and Von Mikecz, 2005).  
To identify the cytotoxic effects of nanomaterials, different in vitro assays may 
be performed. These tests are usually applied to cultured cells, in order to evaluate 
cell proliferation and death, or stress responses following exposure to 
nanomaterials. For example, the mitochondrial activity, the release of lactate 
dehydrogenase, or the activation of death-related proteins (such as activated 
caspases) are popular and practical markers for assessing the cytotoxicity of NPs 
(Niles et al., 2008; Soares et al., 2018). 
Necrotic cells undergo early plasmalemmal and mitochondrial damage, with 
ensuing release of cytosolic enzymes and sudden adenosine triphosphate (ATP) 
depletion; as a consequence, the live-cell assays based on the reduction of 
compounds (such as tetrazolium and resuzarin) by the mitochondria electron 





functional plasma membranes until the late stages of this regulated form of cell 
death (i.e., until karyorrhexis and cell fragmentation into apoptotic bodies): this 
allows cells to retain their cytosolic enzymes and the capability to reduce 
tetrazolium and resazurin. In addition, in apoptotic (but not in necrotic) cells, 
specific proteases called caspases are activated (Kabakov et al., 2011; Riss et 
al.,2016). 
 
However, it is worth remarking that the results of the conventional toxicity 
assays following NPs administration may sometimes be questionable, due to the 
following reasons. The chemical composition of NPs can directly influence the 
results of some enzyme-based assays or can change the pH or nutrient balance in 
Figure 5. Viability and cytotoxicity biomarkers commonly used to assess the occurrence 
of apoptotic or necrotic events due to the cytotoxic effect of nanomaterials (modified 






the culture medium thus altering the cell growth conditions (Mahmoudi et al., 
2018): all these events are potentially able to affect cell viability or proliferation, 
irrespective of the occurring interaction between NPs and the cultured cells. 
 
2.2.2.  In vivo studies  
The main drawback of in vitro tests is the inability to fully reproduce the 
complexity of living organisms, and for this reason in vitro studies are insufficient 
alone to predict possible hazards to humans. In the literature there is a considerable 
number of newly synthetized nanocomposites successfully tested in in vitro models 
that then proved to be unsuitable when applied in vivo; the knowledge of the NPs 
behaviour in a living organism is therefore mandatory, to predict the fate, possible 
toxicity and therapeutic efficacy of NPs suitable for drug delivery in humans.  
Actually, in vivo studies allowed to optimize several parameters to make NPs 
able to more easily enter the cells and to overcome the biological barriers. 
Numerous works focused their attention on the study of the in vivo biodistribution 
of NPs into different organ and tissues using mice and rats us animal models (review 
in Li et al., 2012). From these studies, inorganic (e.g. gold, silver, ferric oxide, 
quantum dots) and organic NPs (e.g. liposomes (LPs), solid lipid) are found mainly 
in liver, spleen, lung, brain, heart and kidney. As expected, the biodistribution of 
the different NPs into organs and tissues, depend on the different routes of 
administration and on the physicochemical properties (such us size, surface 
chemistry and composition) of nanovectors. For example, Nel and collaborators 
(2009) studied in vivo the cytotoxic effect of NPs taking into account their size, 
hydrophobicity and surface charge: these authors found that cationic NPs are more 
toxic than the anionic ones due to the electrostatic interactions between the negative 
cell membrane and the positive NPs which enhances cellular uptake; moreover, 
they demonstrated that hydrophobic NPs generally have a short half-life in vivo 
(hence a relatively low bioavailability) as they are rapidly removed by the 
reticuloendothelial system (RES).  
The administration route may also strongly influence NPs bioavailability in the 
organs and tissues of a living body. When NPs directed to a given organ are 





their presence and effects not only on the organs of interest, but also in others to 
clarify where NPs are efficiently taken up and to detect the possible occurrence of 
tissue damage or inflammation response.  
There are however limits for the tests in vivo too. This is usually a long and costly 
experimentation, which is sometimes believed as insufficient to directly prove the 
efficacy of a treatment on humans. In addition, especially in recent years, the ethical 
concern on the use of animals in testing has grown in the public opinion, and the 
Three Rs (3Rs: replacement, refinement and reduction) (Russell and Burch, 1959) 
is nowadays the guiding principle for more ethical use of animals in 
experimentation: 3Rs are aimed at ameliorating the animal welfare and the 
scientific quality when the use of animals is unavoidable, and also encouraged to 
develop alternatives to animal testing.  
 
2.2.3.  Fluid dynamic in vitro technologies  
The currently available in vitro systems from the conventional 2D cell cultures 
to the 3D co-cultures cannot efficiently mimic the functional and structural 
complexity of a living organism. 
Several alternative cell culture methods have been proposed in recent years in 
order to avoid a simplistic in vitro representation (Wei et al., 2006; Mazzei et al., 
2010; Giusti et al., 2014). The first generation involved low shear perfusion systems 
(Chen, 1992), sired tank bioreactors (Reuss, 1995) and airlift bioreactors (Saxena 
et al., 2007). The peculiar feature of these kind of systems, that makes them more 
suitable than conventional cell culture, is the introduction of fluid dynamics 
mimicking the flow of the physiological fluids. As shown in Figure 6, in a 
physiological environment, cells coordinate their behaviour and function in 
response to different signals: biochemical, physico-chemical and mechano-
chemical cues. One of the most important physicochemical cues is the oxygen 
concertation. Using a dynamic system, it is possible to maximize the transport of 
this gas thanks to the recirculation of fresh medium (Sbrana and Ahluwalia, 2012). 
Under fluidic dynamic conditions, cells in culture are subjected to shear stress, 





increase of nutrients, all features that are known to positively influence cell 
functions and stimulate growth (Vozzi et al, 2011).  
 
 
Figure 6. Different types of signals from which the activity of cells and organs depend. Using a 
bioreactor with an appropriate design and engineering, it is possible to reproduce these factors 
occurring in vivo (modified from Sbrana et al., 2012). 
 
The second generation of bioreactors are composed by a membrane or fibres 
housing supported by a ring containing an outlet and inlet ports. All the system is 
connected to a glass medium reservoir, glass medium waste and a micro-peristaltic 
pump. These types of bioreactors offer a high degree of oxygenation thanks to the 
diffusion of humidified air across the membrane. (De Bartolo et al., 2006 ; 
Schwartlander et al., 2007; Ye et al., 2007).  
Finally, the third generation is represented by micro-fluidic systems. These 
devices include microarray bioreactors (Powers et al., 2002), the micro cell culture 
chamber assay (Lee et al., 2006) and the micro cell culture analogue (Sung and 
Shuler, 2009). However, the microfluidic systems are limited by their microscale 
size. In order to overcome the disadvantages of all these systems, new fluid dynamic 
technologies for in vitro models have been developed in order to avoid this problem. 





composed of different culture chambers made of polydimethylsiloxane that can be 
collected and joined together, in parallel or in series, offering the possibility also to 
simulate a multiple organ system. Three different bioreactors were developed: a 
laminar flow chamber, for the simulation of shear stress, a multicompartmental 
bioreactor and its evolution, presently under experimentation, for the metabolic 
study of organs and tissues. Previous works have successfully demonstrated the 
validity of these bioreactors demonstrating the increase of integrity and tight 
junction of epithelial cells (Caco-2) in comparison to the static condition (Giusti et 
al., 2014). Also, Vozzi and collaborators (2009) underlined the advantages of these 
multisystemic bioreactor showing the improved of metabolic function of 
Hepatocyte-HUVEC cells under dynamic conditions. 
These new fluid dynamic in vitro systems allow to fill the gap between the 
conventional in vitro cell cultures and the in vivo complexity thanks to the 
possibility to use directly explanted organs. When applied to explanted tissues or 
organs (such as the skin, muscle or gut), this technology may provide reliable 
organotypic information thus helping to reduce the number of animals to be used 
for pre-clinical tests.  
 
2.3. Nanoparticles for skeletal muscle 
A wide variety of NPs have been proposed as drug nanocarriers for biomedical 
use; however, their application to the treatment of muscular dystrophies has so far 
been quite limited. The studies essentially focussed on Duchenne muscular 
dystrophy (Nance et al, 2018), and several different NPs were tested: polymeric 
NPs (PNPs) proved to efficiently deliver oligonucleotides (Rimessi et al., 2009; 
Sirsi et al., 2009; Falzarano et al., 2013, 2014; Wang et al., 2015); LPs were used 
to deliver gentamicin (Yukihara et al., 2011) and morpholino oligomer (Negishi et 
al., 2014); cationic LPs were used to deliver siRNA to skeletal muscles in vivo 
(Mori et al., 2014); a nanolipodendrosome carrier was loaded with MyoD and 
myogenin as novel therapeutic agents in mice with muscular dystrophy phenotype 
(Afzal et al., 2013); perfluorocarbon NPs were used to deliver rapamycin (Bibee et 
al., 2014). Recently, gold NPs have been tested in vitro and in vivo to deliver Cas9 





2017; Lee et al., 2017). Gold NPs and fluorescent copper nanoclusters were also 
proposed for diagnostic purposes (Qin et al., 2010; Chen et al., 2015). 
On the other hand, to our knowledge, only few studies focussed so far on 
nanocarriers intended for DM treatment: Bubble LPs were used to deliver antisense 
oligonucleotides to correct chloride channel 1 (Clcn1) alternative splicing and limit 
myotonia in a DM1 mouse model (Koebis et al., 2013; Negishi et al., 2018), and 
methods to obtain encapsulation and controlled release of PTM in mesoporous 
silica nanoparticles (MSNs) intended for DM treatment have been recently set up 
(Peretti et al., 2018).  
For the experimental work of this thesis, we chose to test nanocarriers already 
demonstrated to be biocompatible in different biological systems. Their main 
characteristics are described below. 
 
2.3.1.  Liposomes 
LPs were discovered in 1960 by Bangham and Horne and approved for the 
clinical use in 1995 (Bozzuto and Molinari, 2015; Zylberberg and Matosevic, 
2016). Due to their unique properties and the high biocompatibility, LPs are widely 
used in biomedical application for drug delivery and gene therapy (Zylberberg and 
Matosevic, 2016). Nowadays, about a dozen of LP-based drug-carrier systems are 







Table 3. FDA approved liposome-based drug delivery systems for biomedical applications 
(modified from Zylberberg et al., 2016). 
 
 
LPs are colloidal aggregates of phospholipids that assemble in water forming a 
spherical vesicle made of a single bilayer or of multiple concentric lipid bilayers 
encapsulating an aqueous compartment. The main components of LPs are 
phospholipids, i.e., amphiphilic molecules containing a hydrophilic head and two 
hydrophobic chains (Figure 7, Su et al., 2018). In an aqueous environment, due to 
their amphiphilic nature, they are able to form membranes where the polar head 







Figure 7. Self-assembly representation of a LPs (modified from Su et al., 2018). 
 
Thanks to their amphiphilic nature, LPs may be loaded with both lipophilic and 
hydrophilic molecules: hydrophilic drugs are normally dissolved in the aqueous 
core, while lipophilic compounds are entrapped inside the lipid bilayer (Figure 8). 
Conventional LPs were the first generation of this NPs type; they consist of a 
cationic, anionic or neutral lipid bilayer containing also cholesterol that surrounds 
an aqueous core. To increase stability and extend the blood circulation times, LPs 
with surface-bound PEG were developed. Moreover, to improve targeting, LPs may 
be functionalized with different compounds (peptides, carbohydrates, antibodies) 
that can interact with ligands specifically expressed on the surface of the target cells. 
LPs can be formulated and processed to different size, charge, and lamellarity 
according to the specific requirements such as drug loading, application, cost and 
reproducibility (Bozzuto and Molinari, 2015).  
Changing the concentration and type of phospholipids, it is possible to modify 
the plasticity, stability and pharmacokinetic of LPs. For example, cholesterol 
improves the phospholipid packing thus stabilizing the LPs membrane and 
improving its stability in vivo and in vitro.  Moreover, to prolong the half-life of 
LPs in blood circulation and reduce the uptake by the reticuloendothelial system, it 
is possible to use cholesterol for anchoring specific molecules (e.g., polyethylene 






Figure 8. Encapsulation of hydrophobic and hydrophilic drugs inside different types of LPs 
(modified from Sercombe et al., 2015). 
 
2.3.2.  Mesoporous silica nanoparticles  
Among the nanocarriers for delivering pharmaceutical agents, MSNs are very 
promising, due to their versatility and unique structural features. MSNs may have 
different sizes (from 50 to 300 nm) and shapes (from spheres to rods), uniform 
cylindrical mesopores, high surface areas (1000 m2/g) and easily functionalizable 
surfaces (Manzano and Vallet-Regí, 2018). Moreover, MSNs are mechanically, 
thermally and chemically more stable in the biological environment than other 
biomaterials such as polymers. According to the description by the International 
Union of Pure and Applied Chemistry (IUPAC), a mesoporous material is defined 
as a porous material with pore diameter between 2 and 50 nm and a high volume (1 
cm3/g) in which it is possible to load a wide variety of chemical compounds. Thanks 
to this versatility, MSNs are therefore suitable for different biomedical applications 





biocatalytic and biosensing tools (Trewyn et al., 2007; Slowing et al., 2008; Liong 
et al., 2008; Manzano et al., 2009; Viviero-Escoto et al., 2010). 
Recent investigation demonstrated the possibility to design MSNs for single-
drug or multi-drug release. The pores may be closed to avoid the leak of the drug 
by covering the whole NPs with a shell sensitive to specific internal or external 
stimuli (such as the pH, light, magnetic fields, ultrasound) that trigger the release 
of the cargo at the target site (Manzano and Vallet-Regí, 2018). In MSNs designed 
for multi-drug loading, one therapeutic agent is loaded into the pores while the other 
one in the shell (Baeza et al., 2012). In addition, other studies developed an 
alternative preparation system where a cytotoxic drug is loaded in an inactivate state 
(as a pro-drug) that is enzymatically activated at the target site: for example, Baeza 
et al. (2015) used MSNs where the non-toxic pro-drug, indol-3-acetic acid was 
loaded in the pore while its switchable activating enzyme (horseradish peroxidase) 
was in the shell. 
Irrespective of the method used for manufacturing, it is relatively simple to 
prepare MSNs with various structural features of size, shape and pore volume; 
moreover, similarly to LPs, MSNs may be functionalized by adding on their internal 
or external surfaces either functional groups to avoid their interaction with blood 
components and the reticuloendothelial cells, or ligands to improve their interaction 
with cells expressing specific receptor. All these structural and compositional 
features can affect the pharmacokinetic and pharmacodynamic behaviour, and the 
modes of cell interaction and internalization of the MSNs. Figure 9 shows different 






Figure 9. Different types of functionalization on MSNs (modified from Chen et al., 2018). 
 
Previous studies have demonstrated an optimal biocompatibility in vitro using a 
MSNs dosage lower than 100 µg/kg (Hudson et al., 2014), while in vivo MSNs are 
well tolerated at dosages lower than 200 mg/kg (Lu et al., 2010). This great 
biocompatibility is probably due to the fact that NPs are degraded to non-toxic 
silicic acid (Shen et al., 2014), which is normally present in many tissue and 
physiologically excreted through the urine (Park et al., 2009). This makes MSNs 
very promising nanocarriers for theragnostic and diagnostic applications, and good 
candidates for future tests in clinical trials. 
 
2.3.3.  Polymeric nanoparticles 
PNPs are considered as optimal vectors for drug delivery due to their simple 
formulation design, versatility, safety, efficacy, absence of immunogenicity, 
biological inactivity, good pharmacokinetics, and tunable release of both 
hydrophobic and hydrophilic drug. Polymers are macromolecules formed by a large 





and properties related to the chemical composition, molecular weight, and number 
and type of reactive groups. 
Natural or synthetic polymers can be used to manufacture PNPs (Table 4). 
Natural polysaccharides have various origin (microbial, vegetal, or animal) and can 
be classified in cationic (chitosan), anionic (alginate, heparin, pectin, hyaluronic 
acid), or neutral (pullulan, dextran), based on their intrinsic charge. Natural 
materials are less toxic, more biocompatible and biodegradable in comparison to 
the synthetic ones, but they are difficult to reproduce (due to the high degree of 
variability) and to purify. Conversely, synthetic polymers are more immunogenic, 
which prevents their long-term usage.  
 
Table 4. Most commonly natural and synthetic polymers. 
 
Generally, PNPs have a size between 10 and 1000 nm and are classified as 
nanocapsules and nanospheres, depending on the preparation method (Nagavarma 
et al., 2012). Nanocapsules are vesicular structures in which the drug can be 
confined inside an aqueous or non-aqueous liquid core surrounded by a polymeric 
shell; nanospheres are solid/matrix systems in which the drug may be trapped 







Figure 10. Different type of PNPs: A nanospheres and B nanocapsules. 
 
PNPs can be either formulated from direct monomeric polymerization or from 
preformed polymers. 
Figure 11 shows the most common polymerization techniques to synthesize 
PNPs (El-Say and El-Sawy, 2017). 
 
 
Figure 11. Various techniques for preparation of PNPs (modified from Say et al., 2017). 
 
The therapeutic agent can be dissolved, entrapped, encapsulated or attached to 
the PNPs matrix. The release of the drug from PNPs may occur in three different 
ways: by enzymatic reaction that causes polymer rupture or degradation at the 
delivery site; by hydration and swelling of the polymer followed by diffusion of the 










Among the different natural polysaccharides, hyaluronic acid (HA) has been 
widely use in the pharmaceutical field thanks to its biocompatibility, 
biodegradability, non-toxicity, and non-immunogenicity properties (Morra, 2015). 
HA is a negatively-charged linear glycosaminoglycan (GAG) made of several 
identical subunits (D-glucuronic acid and N-acetyl-D-glucosamine disaccharide) 
linked together by glyosidic bonds (Figure 12).  
 
 
Figure 12. Structure of HA monomer. 
 
HA is an important component of the extracellular matrix, being widely 
distributed throughout the connective, epithelial, muscular and nervous tissues. 
Among the synthetic polymers, poly(lactic-co-glycolic acid) (PLGA) NPs are 
very promising nanoconstructs for drug delivery (Danhier et al., 2012). PLGA 
hydrolysis forms two endogenous and biocompatible monomers, lactic acid and 
glycolic acid, which are easily metabolised via the Krebs cycle (Figure 13). 
 
 







In addition, PLGA NPs are able to encapsulate both soluble and insoluble drugs 
ensuring a high loading efficiency. The presence of reactive groups on their surface 
allows an easy modification and functionalization, thus empowering the stability of 
NPs in physiological conditions and improving cell and tissue targeting. PLGA NPs 
are approved by the FDA and EMA as drug delivery systems for biomedical 
applications such as the administration of vaccines, or the treatment of cancer as 
well as of cardiovascular (Pascual-Gil et al., 2017), inflammatory (Gu et al., 2013; 
Ikoba et al., 2015), infectious (Darvishi et al., 2015; Kumar et al., 2015) or 
neurodegenerative diseases. Nowadays eleven types of products for medical 





3. Aim of the work 
During my doctoral program, I focused my attention on the still unsolved 
problem of the lack of therapy for DM1 and DM2.  
As already reported, the most accepted pathogenic hypothesis for these genetic 
neuromuscular disorders is an RNA gain-of-function due to expanded RNAs that 
accumulate in nuclear foci where RNA-binding splicing regulators are sequestered; 
this leads to a general splicing deregulation.  
Several molecules among which PTM proved either to induce the degradation 
of the expanded RNA repeats or to inhibit the sequestration of splicing factors in in 
vivo and in vitro experimental models; however, serious delivery or toxicity 
drawbacks prevent their clinical application.  
Nanotechnology may offer a solution to this problem. In fact, drug-loaded NPs 
may improve the therapeutic efficacy thanks to their ability to protect the 
encapsulated molecules from enzymatic degradation and to ensure their delivery 
and sustained release inside the cell. 
Therefore, the main goal of my work was to set up an innovative experimental 
therapeutic strategy for DM based on biocompatible nanocarriers loaded with 
therapeutic agents that were selected among the ones accredited by the scientific 
literature.  
To this aim: 
1) the suitability for muscle cells of different biocompatible nanocarriers was 
tested in vitro on both established cell lines and primary cultures; 
2) novel biocompatible nanocarriers that efficiently encapsulate pentamidine 
were synthesized and preliminarily tested in vitro; 
3) an in vitro system able to maintain explanted mouse skeletal muscles under 
fluid dynamic conditions was set up and used to investigate the biodistribution of 
selected NPs in the whole muscle. 
The synthesis of the new nanocarriers was achieved by a chemical and 
pharmaceutical approach, while the studies on the relationships between NPs and 
the biological environment were mainly performed by fluorescence (conventional 
























The first aim of my doctoral project was to verify the suitability for muscle cells 
of different biocompatible NPs. In pilot studies, the cell uptake, the interactions 
with cellular components, and the intracellular degradation of LPs, PNPs and MSNs 
were investigated in vitro on established cell lines (Costanzo et al., 2016, 2017a). 
Analyses at light and electron microscopy (Costanzo et al., 2017b) allowed us to 
demonstrate that each investigated NPs was characterized by specific interactions 
with the cells, and to understand the cellular basis of their biocompatibility; in 
addition, these results gave us an experimental background to proceed with the 
evaluation of the impact of these NPs on muscle cells. 
Therefore, LPs, MSNs and PLGA NPs (pilot tests demonstrated the unsuitability 
for muscle cells of polymeric NPs, thus replaced by PLGA NPs) were applied to 
primary human myoblasts and myotubes from healthy human subjects (Guglielmi 
et al., submitted). During this study, I became aware of the complexity of the 
primary muscle cell cultures, where cycling myoblasts and resting differentiating 
myotubes may occur, with significant consequences on NPs experimentation. The 
results demonstrated the biocompatibility of all the tested nanocarriers for both 
myoblasts and myotubes but highlighted the reduced uptake efficiency of muscle 
cells in comparison to the established cancer cell lines usually employed for NPs 
evaluation. Since this study suggested PLGA NPs as the most promising 
nanocarriers for muscle cells among those tested, we performed a pilot study to 
preliminarily assess the therapeutic efficacy of PLGA NPs loaded with PTM base 
(PTM-B) using cultured myoblasts obtained from skeletal muscle biopsies of a 
DM1 patient (see preliminary results I). The results showed a reduced toxicity of 
NPs-loaded PTM coupled with a reduction of the intranuclear foci containing toxic 
RNA typical of DM1. 
The second aim of my doctoral project arouse from the promising results 
obtained on DM1 myoblasts treated with PTM-B released by PLGA NPs. In order 
to synthesize novel biocompatible nanocarriers encapsulating PTM, I worked for 
nine months at the Laboratoire d'automatique et de génie des proceeds (LAGEP) of 
the Claude Bernard University, in Lyon (France). Under the guidance of Prof. 
Giovanna Lollo, I synthesized novel HA-based NPs suitable for efficiently 





vitro are in progress to assess the impact of these NPs on an established murine 
muscle cell line. The first results demonstrated their full biocompatibility for 
myoblasts and suggested a high internalization efficiency, which however needs to 
be checked by further experiments (see preliminary results II). 
In order to validate the tested NPs for biomedical application, a nanocarrier must 
be faced not only with cultured cells but also with the complex biological 
environment of the target organ and the living organism. However, the use of 
laboratory animals implies several ethical and economic problems.  
In this view, as the third aim of my doctoral project, I undertook a new challenge 
to set up an in vitro system able to preserve explanted organs and tissues from 
control animals used for other experimental protocols, in order to respect the 3R 
principles. A fluidic dynamic system (IVTech Srl, Massarosa, Lucca, Italy) 
originally developed to improve cell cultures, was adapted to preserve explanted 
skeletal muscles in vitro for prolonged times, thus offering an experimental model 
mimicking the functional and structural complexity of the whole organ (Carton et 
al., 2017). In addition, the muscles necessary for our experiments were explanted 
from control animals used in other experimental protocols, thus reducing the 
number of laboratory animals. This novel experimental system allowed to monitor 
the biodistribution in the whole muscle of the PLGA NPs successfully tested in 
cultured cells, highlighting the NPs retention in the connective tissue (see 
preliminary results III) and opening the way to new studies aimed at improving NPs 





Figure 14. Schema of the fluidic dynamic experimental system.  
 
The above-described studies have been carried out in collaboration with the 
research teams headed by Prof. Silvia Arpicco and Prof. Barbara Stella (Department 
of Drugs Science and Technology, University of Torino, Italy), Prof. Giovanna 
Lollo (LAGEP, Claude Bernard University, Lyon, France), and Prof. Giovanni 
Meola (Department of Neurology, IRCCS Policlinico San Donato, San Donato 
Milanese, and Department of Biomedical Sciences for Health, University of 
Milano, Italy). 
The results summarized above are described in detail in the published or submitted 
scientific articles, as well as in the preliminary results reported below. The 
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The use of NPs as drug carriers in the field of skeletal muscle diseases has been poorly addressed and the 
interaction of NPs with skeletal muscle cells has been investigated almost exclusively on C2C12 murine 
myoblasts. In this study we investigated the effects poly(lactide-co-glycolide) (PLGA) nanoparticles (NPs), 
mesoporous silica nanoparticles (MSNs) and liposomes, on the viability of primary human myoblasts and 
analyzed their cellular uptake and intracellular distribution in both primary human myoblasts and myotubes. 
Our data demonstrate that PLGA NPs do not negatively affect myoblasts viability, contrarily to MSNs and 
liposomes that induce a decrease in cell viability at the highest doses and longest incubation time. PLGA 





always occur within vacuoles. Liposomes were rarely observed within the cells. The uptake of all 
tested NPs was less prominent in primary human myotubes as compared to myoblasts.  
Our findings represent the first step toward the characterization of the interaction between NPs and 
primary human muscle cells and suggest that PLGA NPs might find an application for drug delivery 
to skeletal muscle. 
 
Key words: primary human myoblast; primary human myotube; nanoparticle; fluorescence 
microscopy; electron microscopy. 
 
Abbreviations: nanoparticles (NPs); poly(lactide-co-glycolide) (PLGA);  mesoporous silica 
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1. INTRODUCTION 
The continuous expansion of nanotechnology has led to a great interest in the potential applications 
of nanomaterials in the biomedical field. Nanomaterials are, by definition, materials with size ranging 
between 1 and 100 nm, at least in one dimension (Su et al. 2017). The interest in nanotechnology is 
due to the unique properties that the matter acquires at the nano-scale size that allow to overcome 
some limitations displayed by the corresponding material in its larger state (Su et al. 2017). Several 
nanodevices have been designed for different biomedical purposes including drug delivery, gene 
therapy, disease diagnosis and for the design of advanced protheses and implants (Su et al. 2017; 
Kunzmann et al. 2011). Nanomedicine is intensively exploring the use of nanoparticles (NPs) for 
drug delivery because it provides many advantages compared to the administration of the free drug 




and efficacy of the drug (Su et al. 2017). Moreover, NPs can be modified to target specific cells or 
tissues allowing to control the delivery of therapeutics at the site of action while reducing the dosage 
and unwanted side effects due to the interaction of the pharmacological agent with off-targets (Su et 
al. 2017). 
When NPs are to be used for medical purposes it is mandatory to characterize their physicochemical 
properties, to exclude their intrinsic toxicity, and to elucidate their interactions with the biological 
systems (e.g., their ability to be internalized, persist and be degraded by the cell) (Kunzmann et al. 
2011). Evaluating the effects of NPs on in vitro cell systems represents the first step to assess the 
biosafety and biocompatibility of nanoconstructs (Schrand et al. 2012).  
Poly(lactide-co-glycolide) (PLGA) NPs, mesoporous silica nanoparticles (MSNs) and liposomes 
have been widely investigated in many in vitro and in vivo experimental systems. These studies 
demonstrated that PLGA NPs, MSNs and liposomes are biodegradable and biocompatible, creating 
the basis for their current use in the biomedical, pre-clinical or clinical setting (Wang et al. 2015; 
Danhier et al. 2012; Sercombe et al. 2015). 
PLGA NPs are particularly attractive for biomedical uses because PLGA polymer is approved for 
medical application by both FDA and EMA, is biodegradable and is already widely employed in the 
biomedical field for sutures, drug delivery and tissue engineering (Ulery et al. 2011; Danhier et al. 
2012).  
MSNs have been drawing the attention in many fields including the medical one due to their unique 
honeycomb-like porous structure that allows to carry relatively high amount of molecules and to their 
unique properties such as tunable size, shape and pore dimension, large surface area and high reactive 
surface which makes their functionalization easy (Slowing et al. 2008; Asefa and Tao 2012).  
Liposomes are vesicles constituted of a bilayer of phospholipids and an internal aqueous cavity 
(Sercombe et al. 2015). They offer many advantages including high-loading capacity, 
biocompatibility, low toxicity and a great versatility allowing the incorporation of both hydrophobic 
and hydrophilic drugs, that are entrapped in the membrane bilayer or in the aqueous cavity, 
respectively (Sercombe et al. 2015; Abu Lila and Ishida 2017). Liposomes have a long history of 
successful applications in the medical field, specifically in drug delivery, that testify their ability to 
prevent early degradation of the encapsulated compound, to reduce toxicity and improve 
biodistribution and drug delivery (Bulbake et al. 2017; Sercombe et al. 2015).  
In the present study, we report the effects on cell viability, cellular uptake and intracellular 





have been used as an in vitro model of skeletal muscle tissue. Skeletal muscle accounts for about 45% 
of total body weight and has high blood flow: these features make this tissue highly exposed to 
circulating drugs, and explain why skeletal muscle is one of the main target of drug adverse reactions 
(Klopstock 2008). Therefore, understanding the interaction between NPs and skeletal muscle is 
important to identify suitable nanocarriers for drug delivery and to define the impact of NPs on this 
abundant tissue. 
 
2. MATERIALS AND METHODS 
2.1 Preparation and characterization of nanoparticles  
For the preparation of PLGA (50:50 - Resomer® RG 502 H - or 75:25 - Resomer® RG 752 H, Sigma-
Aldrich)) NPs, the nanoprecipitation technique was employed (Fessi et al. 1989). Practically, for each 
preparation, 12 mg of PLGA 50:50 or 75:25 were dissolved in 2 ml of acetone. This organic solution 
was then poured into 4 ml of MilliQ® water under magnetic stirring. Precipitation of particles 
occurred spontaneously. After solvent evaporation under reduced pressure, an aqueous suspension of 
NPs was obtained. Fluorescently labelled PLGA NPs were prepared by nanoprecipitation of PLGA 
50:50 or 75:25 (12 mg) in the presence of 16.8 μg of Nile red (9-diethylamino-5H-
benzo[α]phenoxazine-5-one, Sigma-Aldrich) dissolved in acetone; this solution was then added to 4 
ml of MilliQ® water under magnetic stirring, as previously described for non-labelled NPs. 
Fluorescent NPs were purified from non-incorporated dye by gel filtration on a Sepharose CL-4B 
column. MSNs were prepared by using tetraethyl orthosilicate (TEOS) as silica source and 
cetyltrimethylammonium bromide (CTAB) as Structure Directing Agent (SDA), in a basic aqueous 
solution (NaOH, Sigma-Aldrich) at 80 °C, as described elsewhere (Sapino et al. 2015; Musso et al. 
2015). SDA was removed from the inner porosity by calcination at 550°C in nitrogen and oxygen, 
followed by surface functionalization using 3-aminopropyltriethoxysilane (APTS, Sigma-Aldrich) as 
grafting agent (Sapino et al. 2015). The resulting material, after drying, was suspended in MilliQ® 
water (1 mg MSNs in 150 µl) before adding 250 µl of fluorescein isothiocyanate (FITC) ethanol 
solution (0.3 mg/ml), adapting a previously proposed procedure (Yu et al. 2013). After 5 h under 
stirring in the dark, FITC labeled MSNs were centrifuged and washed with ethanol three times to 
obtain colorless supernatants. Liposomes were prepared by the thin lipid film hydration and extrusion 
method. Chloroform solution of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar-
Lipids), cholesterol (Chol, Avanti Polar-Lipids) and 1,2-distearoyl-sn-glycero-




Polar-Lipids) in a molar ratio 65:30:5 were mixed and evaporated under reduce pressure to obtain a 
thin lipid film. The resulting lipid film was hydrated with a 20 mM HEPES buffer (pH 7.4) and 
vortexed for 10 min to obtain a suspension of multilamellar liposomes. The resulting suspension was 
then extruded 10 times under nitrogen through 200 nm polycarbonate filter at 60°C. Fluorescently 
labeled liposomes were prepared as described above by adding 10 mM solution of fluorescein-5-(and-
6)-sulfonic acid trisodium salts (Invitrogen) in HEPES buffer during the hydration of the lipid film. 
The unentrapped fluorescein was removed by gel filtration using Sepharose CL-4B column eluting 
with HEPES buffer. 
The mean particle size and the polydispersity index (PI) of liposomes and PLGA NPs were 
determined at 25°C by quasi-elastic light scattering (QELS) using a nanosizer (Nanosizer Nano Z, 
Malvern Inst., Malvern, UK). The selected angle was 173° and the measurement was made after 
dilution of the nanoparticle suspension in MilliQ® water. Each measure was performed in triplicate. 
2.2 Primary human myoblasts and myotubes cultures 
Primary human myoblasts were established from a portion of diagnostic vastus lateralis of two 
different subjects who underwent muscle biopsy for diagnostic purpose and that, after all tests had 
been performed, were deemed to be free of muscle diseases (the samples were conventionally named 
ctr1 and ctr2). Myoblasts were isolated and grown in a cell culture incubator with saturating humidity 
in a mixture of 5% CO2 and air at 37°C, as previously described (Askanas and Engel 1975). For the 
differentiation into myotubes, myoblasts were grown at confluence and then shifted to a medium 
without growth factors for 8 days (Guglielmi et al. 2017). The study was approved by the local ethical 
board. 
2.3 Cell viability assay  
The effect of two different formulations of PLGA NPs (PLGA 50:50 and PLGA75:25), MSNs and 
liposomes on the viability of primary human myoblasts was evaluated by the MTT assay (Mosmann 
1983). Cells were seeded in flat-bottom 96 multiwell plates at the density of 3x103 cells/well. Four 
wells for each condition were seeded. After 24 h, the medium was removed and replaced with medium 
containing the NPs. PLGA NPs and liposomes were administered at the final concentrations of 0.1, 
0.2 or 0.4 mg/ml whereas MSNs were supplied at the final doses of 0.01, 0.05 or 0.1 mg/ml. MTT 
assay was performed after 2 h, 24 h and 72 h treatment, as previously reported  (Denizot and Lang 
1986). Briefly, after incubation with NPs, the medium was replaced with 100 μl of 0.5 mg/ml MTT 





removed, formazan crystals were dissolved in 100 ul of DMSO and the absorbance was measured at 
570 nm. Statistically significant differences (p<0.05) in cell viability were determined by one-way 
ANOVA followed by Bonferroni’s post-hoc test. Cell viability was expressed as percentage of control 
(sham-treated) cells (mean ± SE). 
2.4 Uptake and intracellular distribution of nanoparticles 
Uptake and intracellular distribution of NPs were investigated by confocal fluorescence microscopy 
and transmission electron microscopy (TEM) in both primary human myoblasts and myotubes.  
Cells were seeded on glass coverslips in 24 multiwell plates. Twenty-four hours after seeding, the 
medium was replaced with fresh medium containing the NPs. Myotubes were treated after 8 days of 
differentiation. PLGA NPs and liposomes were administered at the final concentration of 0.2 mg/ml 
whereas MSNs were used at the final dose of 0.01 mg/ml. After 2 h incubation with NPs, cells were 
either fixed or moved to fresh medium without NPs and further grown for 24 h or 72 h.  
For fluorescence microscopy, cells were fixed with 1% paraformaldehyde and 0.01% glutaraldehyde 
in PBS, pH 7.4, for 30 min at 4°C. Myoblasts and myotubes treated with Nile red labeled-PLGA NPs 
were permeabilized with 0.1% Triton X100 in PBS at room temperature (RT) for 8 min and incubated 
with phalloidin conjugated with Alexa488 (1:20 in PBS) for 1 h at RT. Myoblasts exposed to either 
FITC-labeled liposomes or FITC-labeled MSNs were counterstained with 0.004% Trypan Blue in 
PBS for 1 min at RT. Myotubes incubated with FITC-labeled liposomes or FITC-labeled MSNs were 
counterstained with phalloidin conjugated with Atto 594 (1:20 in PBS) for 1 h at RT. Cells nuclei 
were stained with Hoechst 33258 (1 mg/ml in PBS for 5 min). After washes with PBS, the samples 
were mounted in 50% glycerol in PBS. Imaging by confocal laser scanning microscopy was 
performed with a Leica TCS SP5 AOBS system (Leica Microsystems Italia). For fluorescence 
excitation, a diode laser at 405 nm for Hoechst 33342, an Ar laser at 488 nm for FITC and PKH67 
Green Fluorescent Cell Linker, and a He/Ne laser at 543 nm for Trypan blue, Nile Red, PHK26 Red 
Fluorescent Cell Linker and phalloidin conjugated with Atto 594 were employed. To access whether 
NPs enter the cells via endocytosis, myoblasts were incubated with either the PKH67 Green 
Fluorescent Cell Linker or the PHK26 Red Fluorescent Cell Linker at the final concentration of 2 uM 
for 5 min in the incubator, to stain the plasma membrane, and then treated with Nile red-labeled or 
FITC-labeled NPs, respectively. This allowed to track the endocytic vesicles originated for the plasma 
membrane, and to detect their possible co-localization with the fluorescent NPs internalized by the 
cell. Then myoblasts were fixed, stained for DNA with Hoechst 33258, and analyzed by confocal 




For TEM, cells were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.4, at 4°C for 1 h, post-fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide 
at RT for 1 h, dehydrated with acetone and embedded in Epon. Ultrathin sections were observed with 
a Philips Morgagni transmission electron microscope (FEI Company Italia Srl, Milan, Italy) operating 
at 80 kV and equipped with a Megaview II camera for digital image acquisition.  
 
3. RESULTS 
3.1 Characterization of NPs 
NPs mean particle size and zeta potential values are reported in Table 1. In particular, all the systems 
showed a mean diameter under 200 nm. The zeta potential was negative for PLGA NPs and liposomes 
while for MSNs a positive value was observed in relation to the functionalization with aminopropyl 
groups (Musso et al. 2015) necessary for preparation of FITC labeled MSNs through a covalent link. 
Fluorescent labeling did not appreciably affect both particle size and zeta potential. 
3.2 Cell viability 
A statistically significant increase in cell viability was observed after 24 h of treatment with 0.4 mg/ml 
PLGA 50:50 NPs in ctr1 myoblasts and after 24 h incubation with 0.4 mg/ml PLGA 75:25 NPs in 
both ctr1 and ctr2 myoblasts (Fig. 1). 
A statistically significant decrease in cell viability was reported after 72 h treatment with MSNs at 
the final concentration of 0.1 mg/ml in both ctr1 and ctr2 myoblasts (Fig. 1). 
A statistically significant decrease in cell viability was observed after 24 h and 72 h incubation with 
0.4 mg/ml liposomes in ctr2 myoblasts and after 72 h treatment with 0.2 mg/ml and 0.4 mg/ml 
liposomes in ctr1 myoblasts (Fig. 1). 
Statistically significant differences were not observed for any of the other tested conditions. 
3.3 Uptake and intracellular distribution of nanoparticles 
NPs uptake and intracellular distribution were investigated in primary human myoblasts and 








3.3.1 PLGA NPs 
By confocal fluorescence microscopy and TEM, the two formulations of PLGA NPs, i.e. PLGA 50:50 
and PLGA 75:25, did not display any difference in term of cellular uptake, intracellular localization 
and ultrastructural features in both primary human myoblasts and myotubes. By confocal 
fluorescence microscopy PLGA NPs were found in the cytoplasm and close to cell nuclei in cells 
treated for 2 h, 24 h and 72 h (Fig. 2a-c, g-i). A partial co-localization between PLGA NPs and 
fluorescent-labeled membrane derived vesicles was observed in proximity of cell surface and in the 
cytoplasm of a few treated myoblasts (Fig. 2d-f). The uptake of PLGA NPs was less prominent in 
primary human myotubes as compared to myoblasts (Fig. 2a-c, g-i). At TEM, PLGA NPs showed a 
regular round shape and a moderate electron density (Fig. 2j-m). In myoblasts, after 2 h incubation, 
single NPs were rarely found adhering to the plasma membrane or inside endosomes, whereas they 
mostly occurred free in the cytosol (Fig. 2j-l). Accordingly, some PLGA NPs were found escaping 
from endosomes (Fig. 2k). Some PLGA NPs occurring free in the cytosol were partially surrounded 
by a double membrane as typical of autophagy (Fig. 2l). After 24 h incubation, a high number of 
small vacuoles containing roundish electron dense structures accumulated in the cytoplasm (Fig. 2m); 
these particular residual bodies were never found in untreated cells or in samples treated with MSNs 
or liposomes. In myotubes, PLGA NPs were less frequent than in myoblasts, but their intracellular 
distribution was similar (not shown). No contact between PLGA NPs and cytoplasmic organelles was 
observed; moreover, NPs never occurred inside the nucleus. Neither myoblasts nor myotubes showed 
alteration or damage of their structural components at any incubation time. 
3.3.2 MSNs 
Confocal fluorescence microscopy revealed MSNs aggregates in the cytoplasm of a few myoblasts 
and myotubes that were treated for 24 h and 72 h (Fig. 3a-g). MSNs co-localizing with fluorescent-
labeled membrane derived vesicles were occasionally observed (Fig. 3e). 
At TEM, MSNs appeared roundish and showed a finely granular highly electron dense content (Fig. 
3h-i). In myoblasts, clusters of MSNs were found to adhere to the cell surface and to be internalized 
by endocytosis (Fig. 3i). In the cytoplasm, MSNs always occurred inside heterogeneous vacuoles 
ubiquitously distributed in the cytoplasm at all analyzed incubation times (Fig. 3h). In myotubes, 
MSNs were less frequent than in myoblasts and were usually enclosed in vacuoles (Fig. 3i). MSNs 
neither get in contact with organelles nor enter the cell nucleus. No signs of subcellular alteration or 




whereas starting form 24 h incubation the cells contained large amounts of vesicular and membranous 
structures while organelles were morphologically unrecognizable (not shown). 
3.3.3 Liposomes 
By confocal fluorescence microscopy, liposomes were rarely observed inside primary human 
myoblasts and myotubes (Fig. 4a-d). A co-localization between liposomes and fluorescent-labeled 
membrane derived vesicles was never observed (Fig. 4a, b). A few myotubes displayed liposomes in 
their cytoplasm after 24 h and 72 h treatment (Fig. 4c, d).  
At TEM, liposomes showed a roundish shape with a fine irregular profile and strong electron density 
(likely due to the lipid staining by osmium tetroxide, Fig. 4e, f). A few liposomes were found inside 
myoblasts and they were even scarcer in myotubes. In both cell types, liposomes were found adhering 
to the cell surface and in the peripheral region of the cytoplasm but never occurred inside the cell 
nuclei (Fig. 4e, f). No internalization processes such as endocytosis or phagocytosis, and no contact 
with any cell organelles were observed. No evident structural alterations were observed in myoblasts 
at short and long incubation time and in myotubes after 2 h incubation, whereas in myotubes 
incubated with liposomes for longer times the organelles were morphologically unrecognizable (not 
shown).   
 
4. DISCUSSION 
In the last decades, many efforts have been directed to develop NPs-based drug formulations for 
treating cancer and other pathologies but, so far, the use of NPs has been poorly investigated in the 
field of skeletal muscle diseases (Su et al. 2017). Only recently NPs have been explored as a possible 
drug delivery system for antisense oligonucleotides (AONs) in the exon-skipping treatment of 
Duchenne muscular dystrophy (DMD) (Falzarano et al. 2014): these studies have been performed on 
the murine model of DMD (mdx mice) and aimed at improving the delivery of AONs and reducing 
the effective therapeutic dose (Falzarano et al. 2014). However, the interaction between NPs and 
skeletal muscle cells has been poorly investigated and the current knowledge is limited to in vitro 
studies performed almost exclusively on C2C12 immortalized murine myoblasts and only a few 
papers described the impact of NPs on human primary myoblasts and myotubes (Nie et al. 2012; Leite 
et al. 2015; Lojk et al. 2015; Poussard et al. 2015; Ramachandran et al. 2017).  
It has been demonstrated that the extent of the NPs cellular uptake depends on the intrinsic chemical 
and physical properties of the NPs as well as on the target cell type (Akinc and Battaglia 2013; Sahay 





dictate the ability of the NPs to interact with the cell membrane, the extent and pathway of 
internalization and, once inside the cells, their intracellular fate (Akinc and Battaglia 2013). On the 
other hand, cell type, proliferation rate and cell-membrane characteristics have a major influence on 
the effect that a certain type of NPs might have on a cell (Lojk et al. 2015; Kim et al. 2011; Tang et 
al. 2015; Wang et al. 2016; Kettler et al. 2014; Frohlich et al. 2012). Therefore, it is of extreme 
importance to study the impact of NPs on the appropriate in vitro cellular model especially when the 
final goal is to translate the findings to the medical field (Kunzmann et al. 2011). 
In the present study, the effects of PLGA NPs, MSNs and liposomes have been investigated on 
primary human myoblasts and myotubes that have been used as an in vitro model of human skeletal 
muscle. PLGA NPs, MSNs and liposomes have been chosen because they are biodegradable and 
biocompatible, as previously demonstrated in several studies performed on other cell types, and 
already have a biomedical, pre-clinical or clinical application (Wang et al. 2015; Danhier et al. 2012; 
Sercombe et al. 2015). Two formulations of PLGA NPs with a different composition of lactic acid 
and glycolic acid (50:50 vs 75:25) have been synthetized and applied to primary human muscle cells; 
indeed, PLGA composition affects some properties of the copolymer such as degradation time that 
increases with increasing lactide:glycolide ratio (Ulery et al. 2011). We reported that PLGA NPs do 
not negatively affect myoblasts viability at any of the tested doses and duration of treatment, 
contrarily to MSNs and liposomes, which both reduce cell viability when administered at the highest 
tested doses for long incubation time. A slight but statistically significant increase in cell viability 
was observed after 24 h incubation at the highest tested dose (i.e. 0.4 mg/ml) with both PLGA NPs 
formulations. This data could be due to an increased mitochondrial dehydrogenase activity, measured 
by MTT assay, due to high levels of glycolic acid and lactic acid resulting from PLGA degradation 
that enter the Krebs cycle bursting oxidative metabolism in the mitochondria (Danhier et al. 2012). 
Interestingly, the effect of PLGA 50:50 NPs and MSNs on cell viability was similar in myoblasts 
from different donors, namely increasing (24 h with 0.4 mg/ml) vs decreasing (72 h with 0.1 mg/ml) 
cell viability, respectively. Similarly, a reduction in cells viability after 72 h incubation with 0.4 
mg/ml liposomes was reported in myoblasts derived from both donors. On the contrary, treatment 
with 0.4 mg/ml liposomes for 24 h negatively affected the viability of cells derived from only one of 
the two healthy subjects. Moreover, the increase in cell viability after 24 h of incubation with 0.4 
mg/ml PLGA 75:25 was found only in myoblasts derived from ctr1 donor whereas PLGA 75:25 did 
not influence the viability of ctr2 myoblasts. These findings demonstrate that NPs might have a 




difficult access to human material and requirement of appropriate expertise, primary human cultures 
offer the important advantage to better reproduce the in vivo physiological conditions and variability 
between donors, highlighting the importance of using primary human cells to test the biocompatibility 
of NPs for biomedical applications. 
Subsequently, the intracellular distribution of NPs was analyzed by confocal fluorescence microscopy 
and TEM. For this purpose, PLGA NPs, MSNs and liposomes were used at concentrations that did 
not show a negative effect on myoblasts viability. The two formulations of PLGA NPs did not display 
any remarkable difference in term of cell uptake and intracellular localization: PLGA NPs were 
observed in the cytoplasm inside membrane-derived vesicles (suggesting they enter the cell by 
endocytosis) and undergoing endosomal escape, in agreement with previous observations (Panyam 
et al. 2002; Danhier et al. 2012). Free PLGA NPs were observed close to the nuclei in both myoblasts 
and myotubes but were never found within the nuclear compartment, making unlikely their 
interaction with genetic material. Autophagic processes led PLGA NPs inside the lysosome pathway, 
as demonstrated by the residual bodies likely made of PLGA NPs remnants starting from 24 h 
incubation. In agreement with data from the literature demonstrating their biocompatibility and 
biosafety, PLGA NPs did not affect the structural components of the cells neither in myoblasts nor in 
myotubes, and in PLGA NPs-treated cells all organelles appeared to be well preserved. Previous 
studies investigated the use of PLGA polymer in the production of scaffolds and matrices for 
myoblasts culture and differentiation as well as for the development of microcarriers for successful 
expansion of myoblasts in vitro and enhanced engraftment and survival of myoblasts after 
transplantation (Gu et al. 2013; Parmar and Day 2015; Shin et al. 2015). However, for the first-time, 
we focused on the interaction between PLGA NPs and primary human myoblasts and provided data 
supporting the biocompatibility of nanostructured PLGA with this cell type, opening the way to future 
studies on biomedical applications involving skeletal muscle tissue.  
As regard MSNs, after 24 h from the treatment, both myoblasts and myotubes displayed numerous 
cytoplasmic vesicular and membranous structures, pointing to the over-activation of the lysosome 
pathway, and morphologically altered organelles even after exposure to NPs concentrations found to 
be safe by the viability assay. This highlights the key role of morphological studies in evaluating the 
biological impact of nanoconstructs, and suggests a poor biocompatibility of MSNs with primary 
human myoblasts and myotubes. MSNs clusters were observed on the cell surface as well as in large 
cytoplasmic vacuoles in both primary human myoblasts and myotubes, a distribution closely 





al. 2015). To our knowledge, the present study is the first investigating the interaction between MSNs 
and human myoblasts. Indeed, MSNs have been used to develop scaffolds for the delivery of γ-
secretase inhibitors of Notch pathway to promote the differentiation of C2C12 myoblasts, but data on 
the effects of MSNs on cell viability and intracellular distribution have not been reported in primary 
human muscle cells (Bocking et al. 2014). 
Even if treatment with liposomes did not affect the structural integrity of myoblasts, morphological 
alterations of organelles were detected in myotubes starting at 24 h from liposome exposure, 
suggesting that myotubes might be more sensitive to liposomes as compared to myoblasts. It is 
possible that the degradation of the internalized liposomes may cause an overload of lipid components 
that these highly differentiated non-cycling cells are unable to metabolize. Despite this difference, in 
both myoblasts and myotubes, liposomes were observed in the cytoplasm of only a few cells, pointing 
to their poor cellular uptake. The negative effect of PEGylation on liposome internalization by C2C12 
reported in a previous study may provide another explanation of the poor uptake of our liposomes, 
which also harbor PEG on their surface, by primary human myoblasts and myotubes (Teo et al. 2013). 
Alternatively, liposomes might have a short half-life within the cell and be subjected to rapid cytosolic 
degradation, as documented by the presence of liposomes with irregular profiles and undergoing 
dissolution, as previously observed in HeLa cells (Costanzo et al. 2016). 
Even though, in the past, liposomes have been tested on C2C12 myoblasts and on primary human 
myoblasts and myotubes, most of these studies evaluated liposomes prepared with cationic lipids to 
deliver nucleic acid to these low transfectable cells (Helbling-Leclerc et al. 1999; Vitiello et al. 1998; 
Dodds et al. 1998; Neuhuber et al. 2002; Pampinella et al. 2002). Up to now, data on the interaction 
of liposomes and primary human myoblasts and myotubes were missing; indeed, only a few other 
studies assessed the interaction between liposomes and murine myoblasts (Jeong and Conboy 2011; 
van der Westen et al. 2012; Teo et al. 2013). Our liposomes contain DSPC, a derivative of 
phosphatidylcholine (PC). It has been reported that PC-liposomes decrease primary murine myoblasts 
fusion and myotube elongation; however the uptake and the intracellular distribution of PC-liposomes 
were not evaluated (Jeong and Conboy 2011). The internalization of liposomes has been 
demonstrated also in C2C12 by flow cytometry and an increased uptake/association with the cells 
was reported for polydopamine (PDA)-coated liposomes (van der Westen et al. 2012). We report a 
poor internalization of PEGylated liposomes by primary human myoblasts and myotubes and their 
negative effect on cell viability, suggesting that PEGylated liposomes might not be suitable for drug 





The present study provides novel data about the interaction between PLGA NPs, MSNs and 
liposomes and primary human muscle cells, and suggests that nanocarriers previously demonstrated 
to be safe in various cell lines can pose biocompatibility issue in this cell type, as supported by the 
cell viability assay and by the ultrastructural analysis of MSNs and liposome treated 
myoblasts/myotubes. This further highlights the importance to use the appropriate cell type for 
biocompatibility studies. Our findings suggest that, among the tested NPs, PLGA NPs are the most 
promising nanocarriers for skeletal muscle cells, as they do not affect cell viability and structural 
organization; future in vivo experiments will allow to better understand the interaction between PLGA 
NPs and the skeletal muscle, and to develop functionalized nanocarriers for drug delivery to this 
specific tissue. The investigation in vivo will be crucial, since we also observed a difference in the 
uptake of all NPs investigated between myoblasts and myotubes. Even if we did not perform a 
quantitative evaluation, myotubes appeared to be less prone to internalize NPs suggesting that the 
interaction and uptake of NPs might differ between cycling and post-mitotic cells, probably because 
of modifications of cell membrane and cytoskeleton composition and dynamics occurring during the 
differentiation process (Le Bihan et al. 2015). Elucidating in vivo the actual interaction of NPs with 
the myofibers will be crucial to design the most appropriate approach for the NP-mediated 
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Table 1. Characteristics of NPs (n=3) 






Liposomes 155±12 0.09 -10±2.10 
Fluorescent liposomes 160±8 0.08 -11±1.75 
MSNs 94±23a - +35±0.90 
Fluorescent MSNs 105±24a - +22±0.60 
PLGA 50:50 NPs 117±8 0.07 -31±0.92 
PLGA 75:25 NPs 128±4 0.06 -27±0.84 
Fluorescent PLGA 50:50 
NPs 
121±6 0.08 -29±1.18 
Fluorescent PLGA 75:25 
NPs  
132±4 0.06 -25±2.01 








Fig. 1 Effect of NPs on cell viability of primary human myoblasts 
Primary human myoblasts were obtained from two healthy subjects (Ctr1: a-d, Ctr2: e-h). The effect 
of PLGA 75:25 NPs (a, e), PLGA 50:50 NPs (b, f), MSNs (c, g) and liposomes (d, h) on cell viability 
was measured by MTT assay. Box-plots show the mean value±S.E. of percentage of cell viability 






Fig. 2 Intracellular distribution of PLGA NPs in primary human myoblasts and myotubes 
Confocal fluorescence microscopy analysis of myoblasts (a-f) and myotubes (g-i) that have been 
incubated with PLGA NPs at the concentration of 0.2 mg/ml for 2 h, 24 h and 72 h. PLGA NPs are 
loaded with Nile red (red fluorescence) and cells are counterstained with either phalloidin conjugate 
with Alexa488 (green fluorescence) to highlight actin filaments (a-c, g-i) or PKH67 Green 
Fluorescent Cell Linker (green fluorescence, d-f) to label cell-membrane derived vesicles. Hoechst 
33258 (blue fluorescence) staining depicts cell nuclei. Confocal fluorescence microscopy analysis 
revealed PLGA NPs in the cytoplasm after 2 h (a, arrows), 24 h (b, arrow) and 72 h treatment (c, 





visible on the surface of myoblasts that have been treated for 2 h (D, arrow) and on the cell surface 
and cytoplasm of myoblasts after 24 h (e, arrow) and 72 h (f, arrow) incubation. The insets in d, e and 
f show the partial co-localization between the green fluorescent cell membrane stain PKH67 and 
PLGA NPs. In myotubes, PLGA NPs were observed near the cell surface but not in the cytoplasm 
after 2 h incubation (g). PLGA NPs were detected in the cytoplasm in myotubes that have been treated 
for 24 h (h) and 72 h (i). PLGA NPs near cell nuclei were visible after 24 h (h, arrows and inset) 
incubation. Scale bars: 50 um. TEM analysis of PLGA NPs intracellular distribution after 2 h (j-l) 
and 24 h (m) incubation in myoblasts. A PLGA NP enclosed in an endosome (j, arrow) occurs just 
beneath the cell surface. A PLGA NP (k, arrow) is escaping from an endosome. Two PLGA NPs (l, 
arrows) occur free in the cytosol. After 24 h incubation (m), the cytoplasm contains large amounts of 
peculiar vacuoles containing NPs remnants (arrowhead). The inset shows a NPs partially enclosed by 
autophagic double-membranes (small arrows). Mitochondria (m), endoplasmic reticulum (er), Golgi 






Fig. 3 Intracellular distribution of MSNs in primary human myoblasts and myotubes 
Conventional (a, b) and confocal (c-g) fluorescence microscopy analysis of myoblasts (a-e) and 
myotubes (f and g) that have been incubated with MSNs at the final dose of 0.01 mg/ml for 24 h (a, 
c, e and f) and 72 h (b, d and g). MSNs are labelled with FITC (green fluorescence) whereas myoblasts 





Fluorescent Cell Linker (red fluorescence, e) or phalloidin conjugate with Atto 594 (red fluorescence, 
f, g), respectively. Hoechst 33258 (blue fluorescence) staining has been used to depict cell nuclei. 
MSNs aggregates occurred in the cytoplasm of a few myoblasts that have been treated with for 24 h 
(a, c) and 72 h (b, d). A partial co-localization between the red fluorescent cell membrane stain PKH26 
and MSNs was observed in myoblasts (e, arrows). MSNs occurred in the cytoplasm of some myotubes 
that have been treated for 24 h (e) and 72 h (f). MSNs near cell nuclei have also been observed in 
both myoblasts (d, arrow) and myotubes (e and f, arrows). TEM analysis of MSNs intracellular 
distribution after 2 h incubation in myoblasts (h) and myotubes (i). Internalized MSNs occur inside 
various vacuoles (h, arrows), sometimes located very close to the nucleus. Inset: A cluster of MSNs 
at the cell surface. In myotubes (i), MSNs accumulate in vacuoles (arrows) without perturbing the 
structural organization: bundles of myofibrils (asterisks), mitochondria (m), endoplasmic reticulum 






Fig. 4 Intracellular distribution of liposomes in primary human myoblasts and myotubes 
Confocal fluorescence microscopy analysis of myoblasts (a, b) and myotubes (c, d) that have been 
incubated with liposomes at the concentration of 0.2 mg/ml for 24 h (a, c) and 72 h (b, d). Liposomes 
are labelled with FITC (green fluorescence) whereas myoblasts and myotubes are counterstained 





with phalloidin conjugated with Atto 594, respectively. Hoechst 33258 (blue fluorescence) staining 
has been used to depict cell nuclei. 
Confocal fluorescence microscopy revealed rare liposomes inside primary human myoblasts located 
close but not within cell nuclei (a, b, arrows). A co-localization between liposomes and fluorescent-
labelled membrane derived vesicles was never observed (a, b). A few myotubes displayed liposomes 
in their cytoplasm after 24 h (c) and 72 h (d) treatment. Scale bars 25 um. TEM analysis of liposome 
intracellular distribution in myoblasts after 2 h (e) and 24 h (f) incubation, and in myotubes (g) after 
2 h incubation. Some liposomes (e, arrow) occur free in the cytoplasm at the cell periphery. The 
internalized liposomes (f, g, arrows) show fine irregular profiles. Mitochondria (m), endoplasmic 






A. Preliminary results I 
 
Once the biocompatibility of PLGA NPs had been verified for healthy human 
myoblasts and myotubes, we tested their suitability as nanocarriers for PTM. Two 
formulations of PLGA NPs (50:50 and 75:25) were synthesized and characterized 
by Prof. B. Stella and S. Arpicco and loaded with PTM-B. Briefly, both PLGA NPs 
formulations were synthesized by the nanoprecipitation method (Fessi et al., 1989) 
starting from PLGA 50:50 (Resomer® RG 502 H, mw 7000-17000 Da) or PLGA 
75:25 (Resomer® RG 752 H, mw 4000-15000 Da). For in vitro tests, PLGA NPs 
containing 6 mg/ml polymer and 180 µg/ml PTM-B were used: they showed a 
diameter ranging from 89.56 to 154.4 nm, a Z potential of -19.3±0.27 mV, an 
encapsulation efficiency of about 80% and a good stability up to three weeks 
(unpublished results). Anyways, for the in vitro test on DM1 myoblasts freshly 
prepared NPs were used. 
Myoblasts obtained from diagnostic muscle biopsies of a DM1 patient were 
treated with either PTM-loaded PLGA NPs (75:25 or 50:50) or free PTM-B at 
different concentrations, according to the literature data on the efficacy of this drug 
in limiting missplicing (Warf et al, 2009). We found that administration of PTM-
loaded PLGA NPs resulted in a statistically significant higher cell viability (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT test) as compared to 
cells treated with the free molecule, suggesting that the delivery of PTM through 







Figure 15. Mean±SD of cell viability of primary human myoblasts obtained from a patient affected 
by DM1. The effect of free PTM-B, and PLGA 50:50 and 75:25 NPs loaded with PTM-B was 
measured by the MTT assay 24 h after treatment at different PTM-B concentrations. Asterisks 
indicate values significantly different from 0µM PTM-B samples (control) (*p<0.05, one-way 
Anova test). 
 
Subsequently, we used primary human myoblasts to evaluate the ability of PTM-
loaded PLGA NPs to reduce specific cytopathological features of DM1. Based on 
the results shown in Figure 1 (Guglielmi et al.), PLGA 75:25 NPs and a 
concentration of 30 µM PTM-B were selected. In detail, we evaluated the number 
of intranuclear foci labelled with anti-MBNL1 antibody (one of the pathological 
markers of DM: Miller et al., 2000; Meola and Cardani, 2009): myoblasts were 
fixed with 4% paraformaldehyde in PBS for 15 min at 4°C, washed in PBS, and 
incubated overnight at 4°C with a rabbit polyclonal anti-MBNL1 antibody (kind 
gift of Prof. C. A. Thornton, University of Rochester, NY) at a dilution of 1:1000 
in PBS containing 0.1% bovine serum albumin and 0.05% Tween-20, then 
incubated for 1h at room temperature with an Alexafluor 488-labelled goat anti-
rabbit antibody diluted 1:200 in PBS. The cells were finally stained for DNA with 
Hoechst 33258, and mounted in PBS-glycerol 1:1. As negative controls, some 





primary antibody. The samples were observed with an Olympus BX51 microscope 
equipped with a 100W mercury lamp under the following conditions: 450-480 nm 
excitation (excf) filter, 500 nm dichroic mirror (dm), and 515-550 nm band-pass 
filter, for Alexafluor 488; 330-385 nm excf filter, 400 nm dm, and 420 nm barrier 
filter, for Hoechst 33258. For quantitative assessment, the ImageJ software (NIH) 
was used: the area of the nucleus was measured, the foci were counted, and the 
results were expressed as the number of foci per square micrometer of nuclear area. 
As shown in Figure 16 a-b), a significant reduction in the number of MBNL1-posive 




Figure 16. (a) Conventional fluorescence micrograph of a myoblast nucleus immunolabelled with 
anti-MBNL1 antibody (green fluorescence) and counterstained for DNA with Hoechst 33342 (blue 
fluorescence); note the green spots (foci). Bar: 10 µm. (b) Quantitative evaluation of foci in myoblast 
nuclei of a DM1 patient: their number is significantly decreased (asterisk) after incubation with 30 
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In this work, nanoparticles of polymeric complexes made of hyaluronic acid and polyarginine were 
investigated for the encapsulation of the cationic hydrophilic drug pentamidine isethionate. To study 
the interaction between the anionic hyaluronic acid and the cationic pentamidine, the formation of 
polyelectrolyte complexes of hyaluronic acid and pentamidine were firstly investigated by mixing 
them at different mole ratio. Then, nanoparticles made of hyaluronic acid and polyarginine loaded 
with pentamidine were developed as drug delivery systems of enhanced stability. Pentamidine-loaded 
nanoparticles formed monodisperse population with a negative zeta potential able to encapsulate 
pentamidine (80%). Such high encapsulation efficiency was confirmed by measurements of the 
counterion isethionate released from pentamidine during nanoparticles formation. Besides, freeze-
dried pentamidine-loaded nanoparticles kept their integrity after their reconstitution in water. In vitro 
studies on lung (A549) and human breast (MDA-MB-231) cancer cell lines showed that pentamidine-
loaded nanoparticles were more cytotoxic in comparison to the free drug, suggesting an enhanced 
internalization of encapsulated drug by cancer cells. 
 
Introduction  
Over the last decades, the development of pharmaceutical nanocarriers based on natural 
polysaccharides has led to a growing interest in drug delivery technologies.1 Natural polysaccharides 
present interesting properties as biocompatibility, biodegradability and low toxicity suitable for 
biomedical application.2,3,4 Besides, they have a large number of reactive groups, a wide range of 
molar masses (MW), varying chemical composition and origin, which make them a promising 
biomaterial for the preparation of nanometric carriers.5  
Among the different natural polysaccharides, hyaluronic acid (HA) has been extensively used in the 




HA belongs to the class of anionic glycosaminoglycans (GAGs) formed by several identical subunits 
(D-glucuronic acid and N-acetyl-D-glucosamine disaccharide) bound together by glycosidic bonds.8,9 
HA is an important component of the extracellular matrix (ECM) highly distributed throughout 
connective, epithelial, and neural tissues in which plays essential physiological roles.6 HA backbone 
itself is endowed with targeting moieties that specifically recognize and interact with different cell 
surface proteins like stabilin-2, CD44 and other membrane-integrated glycoproteins overexpressed 
on various cancer cells.10 Therefore, specific targeting of these receptors has been exploited as an 
effective strategy for increasing the accumulation of associated drug in the target site.11,12 In addition, 
HA bears carboxylic group in each glucuronic unit (pKa 3–4) which behaves as an acidic 
polyelectrolyte enabling interactions with cationic polymers or molecules holding an appropriate 
basic group which results in the formation of complexes.13 
So far, in attempts to exploit HA properties, polymeric conjugates, liposomes, microparticles, and 
nanoparticles (NP) have been developed. They are generally obtained through the formation of self-
assembling micelles, chemical conjugation via cross-linking approaches or by polyelectrolyte 
complexation.13-16 Among these techniques, polyelectrolyte complexation represents the most widely 
used method to tailor HA-based drug delivery systems, because of the mild process conditions, 
absence of organic solvents and wide range of cationic polymers proper for HA interaction.17 Several 
previous works provided instances showing the ability of HA-based polyelectrolyte nanostructures to 
associate active compounds such as genetic materials or positive charged drugs.7 Contreras-Ruiz et 
al. described NP made of HA complexed with chitosan (CS) oligomers for  pDNA delivery. HA-CS 
complexes entered cells and yielded significant transfection of pDNA into the corneal and 
conjunctival cells.18 Recently, a novel ionic metal complex based on HA and an oxaliplatin derivative, 
dichloro(1,2-diaminocyclohexane) platinum(II) (DACHPt), has been patented. Compared to the 




to protect the associated drug from enzymatic degradation enhancing plasmatic concentration while 
lowering drug elimination rate.19 Also, Battistini et al. reported a doxorubicin-HA ionic complex as 
a tumor targeting drug delivery system. In vitro studies on tumor cells overexpressing CD44 receptors 
demonstrated the improved internalization of the complexes in comparison to the free drug.11 
Based on this background information, the present work deals with an extensive physicochemical 
characterization of polyelectrolyte complexes (PEC) made of HA and a cationic molecule, 
pentamidine isethionate (PTM) as model drug. PTM is well known for its antiprotozoal, antifungal 
and anticancer activity.20,21 It is a water-soluble molecule with two terminal amidine groups, 
protonated in a wide pH range (pKa = 12-13) including physiological/neutral conditions. To stabilize 
PTM-HA PEC and to maximize the amount of PTM associated to the system, polyarginine (PArg) 
was used to crosslink HA and form NP. PArg is a biocompatible cationic polyaminoacid belonging 
to the cell penetrating peptide polymers able to improve the intracellular delivery of the therapeutic 
agent.22 At neutral pH, the amine groups of PArg are protonated and are able to interact with 
carboxylic moieties of HA leading to the formation of NP. The formation of PEC and NP was 
investigated studying size, zeta potential evolution and quantifying the amount of isethionate, the 
PTM counterion, released during the formation process. Lyophilization studies were also carried out 
in order to preserve PTM-loaded NP. The morphology of the formed systems was analyzed by 
transmission electron microscopy (TEM) and cryogenic-transmission electron microscopy (Cryo-
TEM). Finally, in vitro studies were performed on lung and breast human cell lines (A549 and MDA–










Sodium hyaluronate (HA) (Molar mass, Mw = 20 kDa) was purchased from LifeCore
® Biomedical 
(Chaska, Minnesota, USA). Poly(L-arginine hydrochloride) (PArg) (Molar mass, Mw = 5.8 kDa) was 
purchased from Alamanda® Polymers (Huntsville, Alabama, USA) and pentamidine isethionate 
(PTM) (Molar mass, MW = 592.679 Da) from Sigma-Aldrich
® (St Quentin-Fallavier, France). Milli-
Q water was obtained using a milli-Q Academic System (Merck Millipore®, St Quentin-Fallavier, 
France). For transmission electron microscopy (TEM) silicotungstate was supplied from Agar 
Scientific® (Parsonage Lane, Stansted, UK). Dulbecco’s Modified Eagle Medium (DMEM) without 
glucose, glutamine, phenol red and sodium pyruvate was bought from Gibco® (Thermo Fisher 
Scientific®, Waltham, Massachusetts, USA) and used to evaluate the stability in physiological 
medium. Human lung carcinoma cells (A549) and human breast adenocarcinoma cells (MDA-MB-
231) were from ATCC and grown in complete Dulbecco’s Modified Eagle Medium (DMEM), Gibco, 
Thermo Fisher Scientific, Inc) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 
mg/mL streptomycin, 1% L-glutamine, all were purchased from Life Technologies® (Carlsbad, 
California, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) purchased 
from Sigma-Aldrich (St Quentin-Fallavier, France).  
 
Solubility study of pentamidine 
Saturated solutions of PTM at different pH solution (pH 7.4, 9, 10, 12) and in phosphate buffer saline 
(PBS, pH 7.4) were prepared. The solutions were stirred for 2 h at room temperature and left overnight 
to reach equilibrium. Then, all samples were centrifuged (62,000 g, 30 min, 20 °C) and the 
supernatant was analyzed for PTM by measuring its UV absorbance at  = 270 nm (UV-1280, 




Preparation of pentamidine-hyaluronic acid polyelectrolyte complexes 
Pentamidine-hyaluronic acid polyelectrolyte complexes (PTM-HA PEC) were prepared by mixing 
aqueous solutions of PTM and HA at different mole ratio PTM/HA ranging between 0.2 and 2.4. 
Seven different PTM-HA PEC were obtained by adding 500 µL of HA aqueous solution (2.5 mg·mL-
1) over 500 µL of PTM solution in water (concentration from 0.6 to 9 mg·mL-1). Size, polydispersity 
index, zeta potential and pH of PEC were studied. 
 
Preparation of blank and pentamidine-loaded nanoparticles 
Blank nanoparticles (HA-PArg NP) were prepared by polyelectrolyte complexation using a similar 
methodology of ionic gelation technique.23 Briefly, 0.5 mL of an anionic solution containing HA at 
different concentration (ranging from 0.5 to 5 mg·mL-1) were added to an equal volume of cationic 
solution containing polyarginine (PArg) (0.27 mg·mL-1). Nine different formulations with mole ratio 
HA/PArg between 0.82 to 8.25 were prepared. 
Pentamidine-loaded nanoparticles (PTM-loaded NP) were prepared by mixing 0.5 mL of different 
amounts of PTM dissolved in water (ranging from 0.50 to 0.17 mg·mL-1) and 0.5 mL of cationic 
PArg solution at 0.18 mg·mL-1. This premix was left under agitation during 10 min, and 0.5 mL of 
HA solution (ranging from 0.83 to 3.3 mg·mL-1) were added. The mole ratio between HA (negatively 
charged) and PArg, PTM (positively charged) was ranging between 1.13 and 4.51. HA-PArg NP and 
PTM-loaded NP were characterized in terms of pH, size, polydispersity index, zeta potential and 
encapsulation efficiency. The main characteristics of all the compounds used to obtain PEC and NP 







Table 1. Chemical characteristics of the compounds used to obtain polyelectrolyte complexes and nanoparticles. 
Compound Molecular 
formula 



















































Physicochemical characterization of polyelectrolyte complexes, blank and pentamidine-loaded 
nanoparticles 
Size distribution and surface potential of the prepared particles (PEC and NP) were analyzed using a 
Malvern Zetasizer® (model Nano ZS, Malvern Panalytical, Malvern, UK). Particle size distributions 
were determined by Dynamic Light Scattering (DLS) of samples diluted with milli-Q water. Analyses 




using the cumulants method that provides the z-average diameter and the polydispersity index (PdI). 
The zeta potential () was determined from the electrophoretic mobility (uE). For all measurements, 
samples were diluted in milli-Q water and placed in a U-tube shaped electrophoresis cell DTS1070 
from Malvern.  was calculated according to the Henry equation under the Smoluchowski 







where  is the viscosity of water ( = 0.887 mPa·s at 25 °C),  is the inverse Debye length, a is the 
radius of particles, and f(a) = 3/2. 
Turbidity of PEC was monitored by absorbance measurements at 600 nm using an UV spectrometer 
(UV-1280 from Shimadzu, Marne-la-Vallée, France) equipped with a cuvette with an optical path of 




Isethionate ions released due to association of positively charged PTM to negatively charged HA 
were quantified using ion exchange chromatography (IC) (930 Compact IC Flex, Metrohm, 
Switzerland) equipped with a chemical suppressor and conductivity detection. PTM-loaded NP were 
centrifuged (7,000 g, 30 min, 25 °C) using Amicon® filter (Amicon Ultra-0.5, 30,000 NMWL, 
Millipore, Spain), supernatants were recovered and injected at the IC. The analyses were conducted 
using Metrosep a Supp 5 250/4.0 column with an adequate pre-column at the temperature of 30 °C. 
For the detection of anions, the mobile phase used was 8 mmol·L-1 solution of Na2CO3 (Fischer 




degassed in an ultrasonic bath prior to use with a flow rate of 0.7 mL·min-1. Such conditions ensured 
linearity of calibration curve ranging from 0.005 to 5 mmol·L-1 of isethionate. 
 
Morphological analysis of blank and loaded nanoparticles using transmission and cryogenic 
electron microscopy  
Transmission electron microscopy (TEM) was performed with a Philips CM120 microscope at 
“Centre Technologique des Microstructures” (CTμ) at the University of Lyon 1 (Villeurbanne, 
France). A small drop of suspension (5 µL) was deposited on a carbon/formvar microscope grid 
(Delta Microscopies, Saint-Ybars, France), negatively stained with a 1% w/w sodium silicotungstate 
aqueous solution, and slowly dried in open air. The dry samples were observed by TEM under 120 kV 
acceleration voltage. 
Regarding cryogenic-transmission electron microscopy (Cryo-TEM), diluted samples of HA-PArg 
NP and PTM-loaded NP were dropped onto 300 mesh holey carbon films (Quantifoil R2/1) and 
quench-frozen in liquid ethane using a cryo-plunge workstation (made at Laboratoire de Physique 
des Solides-LPS Orsay, France). The specimens were then mounted on a precooled Gatan 626 
specimen holder, transferred in the microscope (Phillips CM120) and observed at an accelerating 
voltage of 120 kV at the “Centre Technologique des Microstructures” (CTμ) at the University of 
Lyon 1 (Villeurbanne, France). 
 
Encapsulation efficiency of pentamidine into complexes and nanoparticles 
The association efficiency (AE) of PTM into PEC and the encapsulation efficiency (EE) of PTM into 
loaded NP was determined by measurements of the concentration of free PTM in the aqueous phase. 
PTM-HA PEC and PTM-loaded NP were centrifuged (7,000 g, 30 min, 25 °C) using Amicon® filter 




supernatants were recovered and analyzed for free PTM using UV absorbance at 270 nm wavelength. 
Calibration was performed using PTM solutions at different concentrations from 2.5 µg·mL-1 to 
30 µg·mL-1. AE and EE were calculated using the following equation: 
𝐴𝐸/𝐸𝐸(%) =
𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 − 𝐹𝑟𝑒𝑒 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡
𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔
× 100 
All measurements were performed at least in triplicate using PTM aqueous solution as control. 
 
Stability studies of blank and pentamidine-loaded nanoparticles 
Colloidal stability of HA-PArg NP and PTM-loaded NP was evaluated over 4 weeks under storage 
condition at 4 °C. Size, polydispersity index and  were analyzed every week. Leakage of the drug 
was also evaluated at the end of the storage period. 
The stability in DMEM without glucose, glutamine, phenol red and sodium pyruvate was also tested 
in order to study the effect of protein factors on NP aggregation. 
 
In vitro release study of pentamidine-loaded nanoparticles 
In vitro release behavior of PTM-loaded NP in simulated physiological conditions (PBS at 37 °C) 
was performed using a bicompartmental diffusion device (Franz-type static glass diffusion cells) 
mounted with a semi-synthetic cellulose membrane (6-8 kDa MWDO from Spectra/Por, Spectrum 
Laboratories, The Netherlands). To assure sink condition 2 mL of PTM-loaded NP prepared using 
2.3 and 3.3 mg·mL-1 of HA and 0.50 mg·mL-1 of PTM were placed in the upper part of the cell (donor 
chamber). The lower part of the cell (receptor chamber) was filled with 10 mL of release media (PBS, 
pH 7.4 at 37 °C) with a horizontal shaking. At different time points (15 min, 30 min, 1 h, 2 h, 3 h, 
4 h, 6 h, 8 h, 24 h,48 h, 72 h), 1 mL of each sample was collected and analyzed using UV spectra ( = 




between the initial total amount of the drug present in PTM-loaded NP and the amount of PTM 
present in the receptor chamber. The experiment was performed for both NP in triplicate. 
 
Freeze-drying studies of blank and loaded pentamidine nanoparticles 
Once the development of NP has been completed, HA-PArg NP and PTM-loaded NP were freeze-
dried using CRYONEXT pilot freeze dryer. During the formulation step, the bulking agent mannitol 
was added to the formulations at different concentration (5%, 10% w/v). The freeze-drying program 
consisted of an initial freezing at -20 °C in a freezer for 12 h. After that, the freeze dryer was pre-
cooled to -20 °C and the samples were introduced therein. Then, the temperature was decreased to -
50 °C at a rate of 1 °C·min-1 and this temperature was kept for 12 h. The sublimation step was carried 
out at a temperature between -35 °C and 5 °C and a pressure between 0.100 and 0.3000 mbar 
according to the recipe. Finally, the secondary drying step is carried out at 35 °C and 0.010 mbar. 
After freeze-drying, HA-PArg NP and PTM-loaded NP were resuspended by adding 1 mL of milli-
Q water and left under magnetic stirring for 30 min. Size, polydispersity, AE of PEC and EE of NP 
were measured before and after resuspension. Also, morphological observations using TEM form 
were performed. 
 
In vitro cell viability studies 
Human lung carcinoma cells (A549) and human breast adenocarcinoma cells (MDA-MB-231) were 
used to evaluate the cell viability. Cells (3000 cells/well) were seeded in 96 well plates in 100 µL 
media and left to adhere for 24 hours. Then, the medium was replaced with a fresh one containing 
different concentrations (0.01- 100 µM) of free PTM, HA-PArg NP and PTM-loaded NP. After 72 h 
of exposure, metabolically active cells were quantified by 3-(4,5-dimethylthiazol-2-yl)-2,5-




MTT reagent (5 mg·mL-1) was added in each well and the plate was incubated at 37 °C for 2 h. After 
that the supernatant was replaced by 100 µL of isopropanol/HCl/H2O (90/1/9 v/v/v) and the optical 
density was measured using Ascent Software for Multiskan at 570-690 nm. Cell viability from the 
absorbance values was calculated using the following equation: 




IC50 values were determined using the CompuSyn software. Results are expressed as mean values 
of IC50 ± SD (µM) of three independent experiments. 
 
Results and discussion 
Solubility of pentamidine at different pH 
PTM is a synthetic amidine derivative, highly soluble in water (> 30 mg·mL-1) having a pKa of 12.5. 
20,21 In the range of pH from 3 to 10, is it free soluble (values above 50 mg·mL-1) due to the ionization 
of amidine groups, while at pH values higher than 12 the solubility was drastically reduced 
(6.5 mg·mL-1) (Figure 1). Solubility also depends on ionic strength, in fact at pH 7.4 in PBS, PTM 
highly precipitated being the solubility of around 6.9 mg·mL-1. 
 





















Preparation and physicochemical characterization of pentamidine-hyaluronic acid 
polyelectrolyte complexes 
Polyelectrolyte complexes (PEC) are defined as complexes formed through electrostatic interactions 
between oppositely charged structures. The formation of PTM-HA PEC was based on the electrostatic 
interaction between the positively charged drug (PTM), containing two amino groups and the 
negatively charged polysaccharide (HA) which contains one carboxylic unit for each repeat unit. The 
stoichiometry of the complex was defined as the PTM/HA mole ratio of the HA repeated unit to the 
PTM molecules. The repeated unit of HA contains two sugar residues, neutral N-acetyl-D-
glucosamine and negatively charged sodium salt of D-glucuronic acid acid (Table 1). The PTM/HA 
charge ratio is half the mole ratio since PTM is a divalent cationic compound. Different PTM-HA 
PEC having a mole ratio PTM/HA between 0.2 and 2.4 (from PEC A to PEC G) (Table 2). Briefly, 
HA solution was added to an equal volume of PTM at different concentration under magnetic stirring. 
Since the concentration of the low molecular electrolyte strongly affects the formation of the 
complexes, only the amount of PTM was varied.24 All the formulations were prepared at pH values 
around 6-7 in order to obtain an optimal charge density that generates attractive interactions between 
the cationic amine groups of PTM and the carboxylate groups of HA. 
 
Table 2. Formulation code for PTM-HA PEC developed. Mole ratio HA/PTM and PTM/HA, mass ratio, and pH values 
are represented. 
Complexes  





PEC A  0.2 2.5: 0.6 6.75 
PEC B  0.3 2.5: 1.25 6.79 
PEC C  0.7 2.5: 2.5 6.71 
PEC D  0.9 2.5: 3.7 6.86 
PEC E  1.5 2.5: 5.5 6.74 
PEC F  2.0 2.5: 7.5 6.76 





Size measurements of PTM-HA PEC were carried out using DLS. Two different size populations 
were identified for all the PTM-HA PEC: one having a hydrodynamic diameter of around 10 nm, and 
another one of around 150 nm (Figure 2). As shown in Figure 2, the increase of PTM concentration, 
from PEC A (purple line) to PEC G (black line), is correlated to an increase of the peak at 10 nm and 
a simultaneous decrease of the peak at 150 nm. Thus, the two different populations were attributed to 
the formation of soluble complexes of size around 10 nm, and insoluble complexes of size around 
150 nm. The increase of PTM concentration caused the larger binding of PTM to HA, increasing its 
hydrophobic character and decreasing its charge, so that precipitation took place above a given PTM 
concentration. To confirm this hypothesis, the presence of soluble complexes in the supernatant after 
ultracentrifugation using Amicon® filter was detected for PEC A and PEC B by means of size 
measurements. Both complexes (PEC A and PEC B) presented only the peak at 10 nm, relative to the 
presence of the soluble complex while the population having a size around 150 nm has been retained 
by the filter (Figure 3). 
 
Figure 2. Size distribution of PTM-HA PEC. PEC A: mole ratio PTM/HA 0.2 (purple), PEC B: mole ratio 0.3 (brown), 
PEC C: mole ratio 0.7 (pink), PEC D: mole ratio 0.9 (red), PEC E: mole ratio 1.5 (green), PEC F: mole ratio 2.0 (blue), 


















Figure 3. Size distribution (nm) of soluble complexes (PEC A and PEC B) detected in the supernatant. 
 
Turbidity measurements of PTM-HA PEC provide a confirmation of the conclusions drawn from 
DLS. The interaction between HA and PTM was accompanied by an increase in turbidity (Figure 4). 
A slight increase of turbidity was first observed as PTM was added to HA. Then a sharp increase of 
turbidity took place between PTM/HA ratios of 1.5 and 2.4, indicating precipitation of insoluble 
species. This data confirmed the formation of insoluble particles upon increasing PTM concentration. 
Moreover, turbidity data disclosed precipitation occurring in a narrow concentration domain. As an 
outcome, combination of DLS and turbidity revealed that the solubility of the complex progressively 







Figure 4. Turbidity (Abs = 600 nm) of PTM-HA PEC as a function of PTM/HA mole ratio. PEC A mole ratio 6.61, 
PEC B mole ratio 2.98, PEC C mole ratio 1.49, PEC D mole ratio 1.06, PEC E mole ratio 0.68, PEC F mole ratio 0.50, 
PEC G mole ratio 0.41. Values are given as mean ± Sem (n = 3). 
 
The assignment of the low- and large-sized species to soluble complexes and insoluble particles 
respectively is in accordance with similar cases of mixed polyelectrolytes of opposite charges 
reported in the framework of complex coacervation.25-27 The presence of soluble complexes as 
function of mixing ratio and supramolecular order of polymeric chains has already been disclosed in 
such previous works.25-27 Electrostatic interaction between the negatively charged carboxylate groups 
of HA and positively charged groups of PTM shifts the complexation equilibria towards formation 
of both complexes. The complexes formed in this way are soluble when the charge is low. Higher 
concentration of PTM makes the complex species more hydrophobic and decreases the negative 
charge of HA. Both effects act together to decrease the solubility of the complex. Precipitation occurs 
























DLS disclosed the presence of nanoparticles of 150 nm and there was a slight turbidity for PTM/HA 
< 1.5 where the complexes were claimed soluble. Both results showed that there were few 
nanoparticles formed below this ratio. Indeed, such nanoparticles were few as their contribution to 
the "intensity" size distribution inferred from DLS should be viewed considering that large particles 
scatter light stronger than the small soluble species, so that their contribution to the "volume" size 
distribution was weaker than that the "intensity" size distribution shown in Figure 2. Such few 
precipitated nanoparticles might come from the smaller solubility of complexes formed with the 
sodium hyaluronate macromolecules of the largest molar masses in the broad molar mass distribution 
of HA. 
 measurements gave more insight into the mechanism of precipitation above PTM/HA = 1.5. 
(Table 3).  was negative over the whole concentration range studied, showing that binding of PTM 
to HA did not allow for compensation of the negative charge of HA. Binding of PTM was sub-
stoichiometric with respect to electrical charges.  assumed less negative values as the concentration 
of PTM was increased, indicating a neutralization of the charge at high PTM/HA mole ratio. The 
same behavior occurred with electrophoretic mobility measurement (Figure 5). Therefore, the highly 
charged complex species at low PTM content were soluble; precipitation occurred when the negative 
charge has been reduced such that weakened electrostatic repulsions between charged complex 
species allowed for aggregation and precipitation as colloidal particles. Precipitation occurred when 
repulsive electrostatic forces between complex species become weaker than attractive forces of 
hydrophobic and dispersion (van der Waals) origins.28,29 It is worth noticing that the complex is more 
hydrophobic than free HA because PTM is a more hydrophobic molecule than HA; indeed, PTM has 
the structure of a bolaform surfactant.30 Such behavior as the same features as the adsorption of 




cause the interparticle interactions to turn from repulsive to attractive upon increasing the PE/NP 
ratio.31 
The association efficiency (AE) of PTM was measured by centrifugation and titration of the 
supernatant. AE was quite low in all instances (Table 3). The PTM/HA mole ratio is twice the 
PTM/HA mole ratio since PTM is a divalent cationic species whereas the repeat unit of HA is singly 
charged. The mole ratio increased with respect to PTM concentration and approached the value of 
one corresponding to charge compensation when extensive precipitation of nanoparticles occurred 
(samples PEC F and PEC G). It is presumed that PEC had a neutral central core containing the main 
part of PTM and a negatively charged shell richer in HA that generate electrostatic repulsions 
allowing the formation of nanoparticles.  
 
Table 3: Physicochemical characteristics of PTM-HA PEC (PEC A - PEC G). EE (%): encapsulation efficiency. 









PEC A  0.2 7.17 - 21.7 ± 1.6  42 ± 9  
PEC B  0.3 7.07 - 15.7 ± 2.8  32 ± 6  
PEC C  0.7 6.78 - 12.3 ± 2.8  33 ± 4  
PEC D  0.9 6.76 - 10.4 ± 1.7  19 ± 8  
PEC E  1.5 6.79 - 9.4 ± 2.3  22 ± 5  
PEC F  2.0 6.65 - 4.8 ± 1.6 22 ± 2 






Figure 5. Electrophoretic mobility of PTM-HA PEC in function of mole ratio PTM/HA (from 0.2 to 2.4). Values are 
given as mean ± SD (n > 3). 
 
As an overall outcome, complexation of PTM by HA takes place and it causes the formation of NP. 
But soluble complex species form at low PTM/HA ratio; formation of NP requires PTM/HA mole 
ratio above 1.5. Under such conditions, the low association efficiency (less than 40%) is an issue. 
Electrostatic binding of PTM to HA is weak because the PTM cation is only divalent. Since the 
association of polyelectrolytes of opposite charges is usually quite strong, a cationic polyelectrolyte 









































Preparation and physicochemical characterization of the blank hyaluronic acid-polyarginine 
nanoparticles 
To stabilize the insoluble form of PEC and to obtain a delivery system able to associate a high amount 
of PTM, NP made of HA and the cationic polyaminoacid PArg were prepared. PArg was selected as 
a cationic polymer able to crosslink HA and allowing the formation of nanoparticles. HA-PArg NP 
were prepared by polyelectrolyte complexation in a similar manner described by Yadav et al.23 
Briefly, 0.5 mL of a solution containing HA at different concentration (from 0.5 to 5 mg·mL-1) were 
added to an aqueous solution of PArg (0.27 mg·mL-1) under magnetic stirring at room temperature 
for 30 min. The formation of NP was ensured by the electrostatic interaction between the positively 
charged groups of PArg and the negatively charged carboxylate groups of HA. 
HA-PArg NP (Blank A - Blank I) containing different amounts of HA (from 0.5 to 5 mg·mL-1) with 
a mole ratio HA/PArg between 0.82 and 8.25 were studied for their size, polydispersity index (PdI) 
and  (Table 4). 
The average size of the resulting blank NP ranged between 112 and 244 nm with a low polydispersity 
index (< 0.2).  values ranged from +33 to -22 mV. When the charge ratio HA/PArg was lower than 
1.24, NP had a size around 120 nm with a positive  values (+33 mV) indicating that the charge 
brought about by PArg was larger than that of HA. At mole ratio higher than 1.24, NP size increased 
from 166 to 244 nm, and an inversion of the  to -31 mV occurred. The increase in the hydrodynamic 
size was correlated to the amount of HA used to obtain the NP. Besides, inversion of surface potential 
indicated a conformational change which exposes carboxylic groups of HA in excess with respect to 
cationic groups of PArg towards the external surface of NP. The HA/PArg system is interesting as it 
allows the preparation of NP of 100-250 nm size with a narrow size distribution and reversal of the 
electrical charge according to the HA/PArg ratio. It is worth to notice that NP sizes did not vary much 




It is presumed that the precipitation mechanism of NP was the same whatever the HA/PArg ratio. So, 
neutral nanoparticles precipitated as a first step and an outer shell rich in the majority polymer further 
adsorbed on the surface and set the final electrical charge. 
 
Table 4. Physicochemical characteristics of HA-PArg NP. PdI: Polydispersity index. Values are given as mean ± Sem (n 
≥ 3). 









Blank A 0.50: 0.27 0.82 112 ± 6  < 0.2 + 33 ± 5 
Blank B 0.75: 0.27 1.24 129 ± 1  < 0.2 + 32 ± 3 
Blank C 1.25: 0.27 2.06 166 ± 7  < 0.2 - 31 ± 0 
Blank D 1.5: 0.27 2.47 158 ± 4  < 0.2 - 38 ± 2 
Blank E 2.0: 0.27 3.30 167 ± 3  < 0.1 - 33 ± 2 
Blank F  2.5: 0.27 4.12 180 ± 14 < 0.1 - 29 ± 3 
Blank G 3: 0.27 4.95 201 ± 14 < 0.1 - 31 ± 3 
Blank H 3.5: 0.27 5.77 222 ± 11 < 0.2 - 30 ± 4 
Blank I 5: 0.27 8.25 244 ± 5  < 0.1 - 22 ± 3 
 
 
Development and physicochemical characterization of pentamidine-loaded hyaluronic acid-
polyarginine nanoparticles 
PTM-loaded NP were prepared following the protocol described for blank NP. Different 
concentrations of HA (0.83 mg·mL-1 to 3.3 mg·mL-1) were added to an aqueous solution containing 







Figure 6. Preparation of PTM loaded NP by polyelectrolyte association. 
 
In Table 5 the physicochemical characterization of NP obtained using a PTM solution at 0.5 mg·mL-
1 was presented. All the NP showed an average size between 155 and 203 nm with a low PdI (< 0.1) 
and a negative  ranging from -24 to -18 mV. Interestingly, the incorporation of the drug in the NP 
involved a reduction of the NP size compared to the blank ones (Table 4). The balance between 
negative (HA) and positive charge (PTM and PArg) was reduced in the case of PTM-loaded NP as 
compared to the HA-PArg NP. Therefore, the attractive force that modulates electrostatic interactions 
within the complexes determined a “condensation phenomenon” responsible of the reduction of the 
complex particle size.32,33 The  decreased from -24 to -76 mV for Loaded A to Loaded F, and then 
increased to -18 mV for Loaded G. The effect of NP size reduction has been observed also for other 
particles suggesting the strong interaction between the drug and the polymeric chains.14 Table 5 also 
shows the results of the encapsulation efficiency of PTM. The amounts of encapsulated PTM varied 
from 26% (Loaded A) to 82% (Loaded G). The increase in the mole ratio, due to an increasing amount 
of HA, was correlated to the EE and to the strong interaction between HA and PTM. Also, the loading 




efficiently encapsulated in a HA-PArg NP at a mole ratio above 2.25 and with a loading capacity 
ranging from 20 to 10%. 
 
Table 5. Physicochemical properties of PTM-loaded NP. PdI: polydispersity index; EE (%): encapsulation efficiency. 



















1.25:0.27:0.75 1.13 155 ±3 < 0.1 -24 ±3 33 26 ±3 
Loaded 
B 
1.5:0.27:0.75 1.35 159 ±4 < 0.1 -25 ±2 30 31 ±4 
Loaded 
C 
2:0.27:0.75 1.80 191 ±20 < 0.1 -27 ±2 25 46 ±5 
Loaded 
D 
2.5:0.27:0.75 2.25 157 ±6 < 0.1 -25 ±5 21 61 ±5 
Loaded 
E 
3:0.27:0.75 2.70 172 ±14 < 0.1 -29 ±4 19 65 ±1 
Loaded 
F 
3.5:0.27: 0.75 3.15 179 ±4 < 0.1 -26 ±1 17 76 ±1 
Loaded 
G 
5: 0. 27: 0.75 4.51 203 ± 9 < 0.1 -18 ±1 12 82 ±1 
 
Then, to study the influence of HA and PTM concentration on the association efficiency of the NP, 
nanosystems prepared with different amounts of HA and PTM (ranging from 0.17 to 0.5 mg·mL-1) 
were obtained. In Figure 7, the mass of PTM associated to the nanosystems in function of the mass 
of HA for the systems developed (from Loaded A to Loaded G) was represented. The highest PTM 
binding efficiency was obtained for the Loaded F (containing 2.3 mg·mL-1 of HA) and Loaded G 
(containing 3.3 mg·mL-1 of HA) being the amount of PTM associated of 0.55 mg and 0.59 mg, 
respectively. These results confirmed the excellent ability of PTM-loaded NP to associate a high 
quantity of PTM by electrostatic interaction in comparison to another HA based systems. The 




were hence retained for the in vitro studies. PTM has been encapsulated into liposomes, however due 
to its hydrophilic character the encapsulation efficiency remained below 50%.34 PLGA NP 
synthesized by double emulsion/solvent evaporation methodology were used to encapsulate PTM. As 
described for the liposomal formulation, the amount of PTM loaded into PLGA NP was very low 
(2.9% loading efficiency).21 Micale et al. also developed a synthetic method to obtain PTM-HA 
bioconjugates as drug and targeting delivery platform. The drug loading in this case ranged from 20 
to 30%, however the use of chemical reactions and organic solvents make this system less exploitable 
for drug delivery applications.32 
 
 
Figure 7. Amount of PTM (mg) associated to PTM-loaded NP in function of the amount of HA present in the 
formulation (from 0.83 mg·mL-1 to 3.33 mg·mL-1). Values are given as mean ± Sem (n ≥ 3). 
 
Quantification of isethionate ions using ion-exchange chromatography 
As previous reported, at low ionic strength, the ion concentration in the counterion cloud that 
surrounded the charged molecules is significantly higher than that in the solution. When two opposite 
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perturbed and counterions are released in the solutions.28 To assess the influence of HA concentration 
on the formation of PTM-loaded NP, the release of isethionate, the counterion of PTM, was quantified 
using ion exchange chromatography. As shown in Figure 8, no significant difference in term of 
isethionate ions release was observed for the formulations prepared using different amounts of HA 
and PTM (dotted lines). While, in the case of the formulations obtained using 0.26 mg pf PTM 
(0.5 mg·mL-1), there was an increased release of isethionate (full line). Above 3.5 mg of HA (2.3 
mg·mL-1), the amount of isethionate released did not change. These results are consistent with the 
encapsulation efficiency (Table 5) values. In fact, encapsulation efficiency for Loaded F and Loaded 
G was around 76 and 82%, respectively. 
 
 
Figure 8. Isethionate ions (mmol·L-1) released after the formation of PTM-loaded NP in function of HA concentration 
in the NP. Values are given as mean ± Sem (n ≥ 3). 
 
Morphological analysis of blank and pentamidine-loaded nanoparticles 
The morphological analysis of HA-PArg NP and PTM-loaded NP was carried out using TEM and 
CryoTEM. As showed in Figure 9, HA-PArg NP and PTM-loaded NP presented a regular round 
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observe PTM-loaded NP in their native state and to confirm the spherical structure of the system, 













Figure 9. TEM images of blank H with 3.5 mg·mL-1 of HA (A); blank I with 5 mg·mL-1 of HA (B); loaded F with 2.3 















In vitro release study of pentamidine-loaded nanoparticles 
The in vitro release study of PTM from HA-PArg NP (Loaded F and Loaded G) was studied upon 
incubation with PBS at 37 °C using vertical diffusion Franz cells. Sink conditions were ensured by 
the high-water solubility of PTM (> 30 mg·mL-1, https://cameochemicals.noaa.gov/chemical/20859). 
For both formulations tested a biphasic profile characterized by an initial burst PTM release (60%) in 
the first 10 h, followed by a constant release was observed (Figure 11). This behavior has been 
described also for PLGA NP and liposomes21,35 and a model mechanism has been proposed.13 
According to the authors the release towards water as receptor medium occurs through diffusion of 
the neutral species, since diffusion of charged ones is prevented by the electrostatic gradient produced 
by the polyanion (HA in our case).13 Moreover, as we used PBS from to study the release behavior, 
we can suggest that the saline composition of the biological simulated fluid promotes PTM release 
from the carrier. 
 
Figure 11. Release profile of PTM from Loaded F (2.3 mg·mL-1 of HA, 0.5 mg·mL-1 PTM) and Loaded G (3.3 mg·mL-1 
of HA, 0.5 mg·mL-1 PTM) in PBS medium. The diffusion cells were thermoregulated with a water jacket a 37 °C. 






















Stability studies of blank and pentamidine-loaded nanoparticles 
The stability studies of colloidal suspension of Blank H and I (Figure 12-A) and Loaded F and G 
(Figure 12-B) NP at 4 °C was evaluated over 1 month of storage. Size, polydispersity index and 
leakage of the drug were evaluated every week. As reported in Figure 12-A size and PdI of Blank H 
and I increased over time. While, the corresponding loaded formulations Loaded F and G were more 
stable, their size and PdI vary less in comparison to the empty formulations (Figure 12-B). Moreover, 
no leakage of the drug was observed, for both formulations demonstrating the ability of NP to 
encapsulate PTM in an efficient manner. In addition, Blank H and PTM-Loaded F did not aggregate 




Figure 12. Stability studies, size and PdI, upon storage condition for 4 weeks at 4 °C in aqueous solution of Blank H 
with 3.5 mg·mL-1 of HA, Blank I with 5 mg·mL-1 of HA (A) and Loaded F with 2.3 mg·mL-1 of HA, Loaded G with 
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Freeze-drying studies of blank and pentamidine-loaded nanoparticles 
To provide long-term stability to the formulations developed, the optimal freeze-dry conditions to 
convert the aqueous suspension into powder were set up. Blank H, Blank I, Loaded F and Loaded G 
were freeze-dried using different amount of mannitol (5%, 10% w/v). Mannitol was chosen as bulking 
and isotonic agent. The aim was to obtain isotonic values close to the physiological condition (280-
300 mOsm·L-1). Tables 6 and 7 show the physiochemical characteristics (size, PdI and osmolarity) 
of HA-PArg NP and PTM-loaded NP formulations prepared with different mannitol concentration, 
before and after resuspension in water. Also, stability after resuspension was evaluated over 16 days 
at 4 °C. All the formulations, HA-PArg NP and PTM-loaded NP, were successfully resuspended in 
water irrespective of the amount of mannitol used. However, to obtain isotonic formulation mannitol 
at 5% was needed. Following reconstitution in water, the size of HA-PArg NP increased from ~150 
nm to ~210 nm. Moreover, the size continued to increase during the storage period (Table 6). The 
size of PTM-loaded NP, following reconstitution in water, increased from ~150 to ~220 nm and a 
slightly increased at day 16 following reconstitution in water was observed (Table 6). However, the 
population remained monodispersed (PdI > 0.1) and no leakage of the drug during the time was 
observed. Figure 13 confirms that both Blank H and Loaded F recovered the initial morphology 
characteristics upon freeze-drying and reconstitution in water. Both formulations formed 











Table 6. Physicochemical characterization of Blank H before and after freeze-drying. PdI: polydispersity index. (Mean ± 





Days Size (nm) PdI Osmol. 
(mOsm·L-1) 
Size (nm) PdI Osmol. 
(mOsm·L-1) 
0 151 ± 5 < 0.1 - 148 ± 6 - - 
0 218 ± 5 < 0.1 665 210 ± 8 < 0.1 305 
8 233 ± 7  < 0.1 665 254 ± 11  < 0.2 305 
16 315 ± 45 < 0.1 665 383 ± 42 < 0.2 305 
 
Table 7. Physicochemical characterization of Loaded F after freeze-drying. PdI: polydispersity index. EE (%) 













0 149 ± 1 < 0.1 79 ± 0.5 - 157 ± 6 - 64 ± 2 - 
0 234 ± 12 < 0.2 76 ± 0.05 669 204 ± 12 < 0.1 64 ± 4  297 
8 287 ± 13 < 0.1 - 669 265 ± 3 < 0.1 - 297 


























Figure 13. TEM pictures of Blank H (A-B) and Loaded F nanoparticles after freeze-drying and reconstitution in 1 mL 
of water. 
 
In vitro cell viability studies of pentamidine-loaded nanoparticles 
The antiproliferative activity of free and encapsulated PTM into loaded F was assessed using the 
MTT assay. Lung (A549) and human breast cancer (MDA-MB-231) cell lines were selected based 
on their sensitivity to PTM.20,35 The viability of A549 and MDA-MB-231 was monitored after 
incubation with different concertation of free PTM and PTM-loaded NP for 72 h. HA-PArg NP were 
used as a control to evaluate the biocompatibility of the nanocarrier. As shown in Table 8, the use of 
PTM-loaded NP was associated with a better activity than free PTM both on lung (IC50 = 0.21 ± 0.08 
µM vs 1.2 ± 0.8 µM) and breast cancer cells (IC50 = 2.2 ± 1.8 µM vs 4.6 ± 3.7 µM). Blank I showed 
very low toxicity (IC50 >40 µM) highlighting the biocompatibility of the nanocarrier. These data 
confirmed that the PTM activity in vitro was significantly optimized when the drug was incorporated 








of HA-doxorubicin complexes was 3-fold higher than that of the reference free drug. These results 
indicated an increased cellular uptake of doxorubicin when it was complexed with HA due to the 
presence of overexpressed CD44 membrane receptors.11 Targeting CD44 using HA moieties has also 
been demonstrated in vivo in CD44-positive human breast tumor xenografts. HA based micelles 
loaded with paclitaxel exhibit a remarkably high accumulation and retention in the CD44 receptor-
overexpressing tumor following i.v. injection in comparison to the free drug.12 We can hence expect 
a similar behavior for PTM-loaded NP. Further studies will demonstrate the in vivo activity of the 
developed nanosystem. 
 
Table 8. IC50 values of studied compounds on A549 and MDA-MB-231 cells. Results are expressed as mean 
values of IC50 ± SD (µM) of three independent experiments. 
Cell line Formulations IC50 (µM) 
 
A549 
PTM 1.2 ± 0.8 
PTM-loaded NP 0.21 ± 0.08 
Blank HA NP 42 ± 16 
 
MDA-MB-231 
PTM 4.6 ± 3.7 
PTM-loaded NP 2.2 ± 1.8 







Figure 14. Drug sensitivity curves for A549 cells (A) and MDA-MB-231 cells (B) exposed to PTM (black lines), 
Loaded F 1 (dashed lines) and Blank H (dotted lines) for 72 h. Graphs are of mean values from three independent 




































































The present study provides insight over a new HA based nanocomplex, namely nanoparticles, for 
positive hydrophilic drug encapsulation. In a first set of experiments, HA-PTM complexes were 
studied. The complexes obtained were not stable, highly polydispersed, showing a low PTM 
association efficiency. To stabilize the complex and to maximize the amount of the drug associated 
to the system, HA-PArg NPs were developed using ionotropic gelation technique. NPs were 
kinetically stabilized by the excess charge, which prevents their aggregation and ensure high 
encapsulation efficiency of PTM. Also, high encapsulation efficiency was associated to the release 
of the isethionate counterion in the solution quantified by IC. In vitro release behavior shows that the 
system was able to retain by ensuring a slow release of the drug during the time. Following in vitro 
studies, PTM-loaded NP were more effective in reducing cell viability as compared with free drug 
suggesting enhanced efficacy and cell internalization via CD44 receptor. Moreover, their optimum 
pharmaceutical properties, namely easy production using mild conditions, stability and possibility to 
obtain a ready-to-use dry powders, highlight the potential of HA-PArg nanoparticles as novel drug 
delivery system for nanomedicine applications. 
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B. Preliminary results II 
 
     C2C12 myoblasts, a spontaneously immortalised cell line (ECACC) were grown 
in 25 cm2 plastic flasks (1-2x103 cells/cm2) in Dulbecco’s modified Eagle medium 
with 10% (v/v) foetal bovine serum (FBS), 1% (w/v) glutamine, 0.5% (v/v) 
amphotericin B, 100 units/ml of penicillin and 100µg/mL of streptomycin (Gibco), 
at 37°C in a 5% CO2 humidified atmosphere. Under these culture conditions, 
myoblasts adhered to the substrate and, in 24h, took the form of a spindle.  
Cells were trypsinized (0.25% trypsin in Phosphate-buffered saline (PBS) 
containing 0.05% Ethylenediamine Tetraacetic Acid; buffered solution (EDTA)) 
when subconfluent (about 70%) and seeded on 96 multi-well plastic microplates 
(2x103 cells/well) for cell viability evaluation. The experiments were performed 
using cells at passage 7-10.  
Myoblasts were treated with blank NPs (HA-Parg NPs) or NPs loaded with 
PTM-S as well as with free PTM-S one day post-seeding: the medium was replaced 
with a fresh one containing the nanocarriers or the drug, and the cells were 
incubated for 2h (as a short exposure time), 24h (a time sufficient for C2C12 to 
complete one cell cycle (https://www.dsmz.de/catalogues/details/culture/ACC-
565.html?tx_dsmzresources_pi5%5BreturnPid%5D=192), and 72h (as a long-term 
incubation time); untreated cells at the same culture times were used as controls. 
To estimate the effect on cell viability, different concentrations of HA-Parg NPs, 
PTM-loaded NPs, and free PTM-S were tested, based on our preliminary results 
with PLGA NPs on DM1 myoblasts. At the end of each incubation time, the cells 
were stained for 2 min with 0.01% Trypan blue in the culture medium: the cells 
found to be permeable to Trypan blue were considered as non-viable. Cell samples 
not exposed to NPs were considered as controls. Briefly, four randomly selected 
fields/well were imaged using a 10x objective in a LEICA DM IL inverted 
microscope; in each field, the total cell number and the number of non-viable cells 
were counted, and the percentage of dead cells was calculated. Results were 
expressed as the mean ± standard deviation (SD) of three independent experiments, 





Figure 17 shows that no cell death was found at each time point in samples 
treated with blank NPs, thus demonstrating the high biocompatibility of these NPs 
for murine myoblasts. As for cells treated with PTM-loaded NPs or free PTM-S, no 
cell death was found after 2h; after 24h all samples treated with PTM-loaded NPs 
showed a significant increase in their death rate in comparison to control, while 
only samples treated with 30 µM free PTM-S had significantly higher values; after 
72h, only cells treated with NPs loaded with 10 µM PTM-S showed a death rate 
similar to control, while all the other samples underwent a significant increase in 




 Figure 17. Mean±SD percentage of dead C2C12 cells. The effect of HA-Parg NPs, NPs loaded 
with PTM-S and free PTM-S was assessed by the Trypan blue test 2h, 24h and 72h after treatment 
at different PTM-S concentrations. Asterisks indicate values significantly different from 0µM 





These preliminary results seem to indicate that NPs loaded with PTM-S are more 
toxic that the free drug at 24h, whereas a similarly higher toxicity for PTM-loaded 
NPs and the free drug occurs after prolonged incubation. Since we have so far, no 
data on the uptake mechanisms and the intracellular fate of these NPs in C2C12 
cells, we may only hypothesize that NPs easily entered the cells thus facilitating 
PTM internalisation. We are presently synthesising fluorescently-labelled NPs that 

























F. Carton, L. Calderan, M. Malatesta (2017): Incubation under fluid dynamic 
conditions markedly improves the structural preservation in vitro of explanted 



































C. Priminary results III 
 
The distribution of PLGA NPs successfully tested on cultured muscle cells was 
evaluated in the target organ i.e., the skeletal muscle, using the in vitro fluid 
dynamic system set up by our group (Carton et al., 2017). 
Soleus muscles were explanted from the mouse hind limbs, maintained under 
fluid dynamic conditions, and treated with fluorescent Nile-red-labelled PLGA NPs 
either administered by post-explant intramuscular (i.m.) injection or directly 
suspended in the culture medium. For i.m. administration, 0.4 mg/mL of fluorescent 
PLGA NPs were injected into freshly excised mouse soleus muscles using a 
Hamilton syringe, and then incubated into Livebox chambers joined in series for 1 
to 24h. For NP administration in suspension, 0.4 mg/mL of PLGA NPs were put 
into the LiveFlow fluidic circuit and explanted muscles were placed in chambers 
joined in parallel for 6 to 24h. At each time point, muscles were immersed in 
isopentane precooled in liquid nitrogen, embedded in OCT compound, and cut in a 
cryostat. Sections were stained for proteins with Fluorescein isothiocyanate (FITC) 
and for DNA with 33342 and observed in fluorescence with an Olympus BX51 
microscope under the appropriate filter conditions. 
Our preliminary data demonstrated that, whatever the administration way, the 
PLGA NPs hardly enter the myofibers in the whole muscle since most of them 
remained confined into the connective tissue (Figure 18 et Figure 19). 
Modifications of PLGA NPs surface are in progress to improve targeting to the 
muscle fibers. 
This result demonstrates that in vitro tissue/organ testing under dynamic 







Figure 18. Cross-section of soleus muscle, conventional fluorescence microscopy. After 3h 
incubation post-i.m. injection, Nile red-labeled PLGA NPs (red fluorescence) mostly accumulate 
in the endomysium and perimysium. Arrows indicate the few NPs inside the muscle fibers. Green 
fluorescence, sarcoplasm; blue fluorescence, cell nuclei. Bar: 30 µm. 
 
 
Figure 19. Cross-section of soleus muscle, conventional fluorescence microscopy. After 6h 
incubation post-administration in the medium, most of the PLGA NPs (red fluorescence) 
























Nanocarriers have great potential in therapeutic applications as innovative drug 
delivery systems. They take advantage from their unique properties, such as small 
size and large and functionalizable surface area, to go through the biological 
barriers and accumulate at the target sites; in addition, they may protect the loaded 
molecules from the enzymatic degradation, thus improving their sustainability and 
availability.  
Browsing the scientific literature, most of the nanocarriers so far designed for 
drug delivery have been intended to treat tumours, whereas less attention has been 
paid to cure and preserve differentiated diseased cells, such as muscle or neuronal 
cells. At present, many neuromuscular diseases, chiefly those of genetic origin, still 
lack effective therapy; even when promising therapeutic molecules have been 
identified, their clinical application is often prevented by their low bioavailability 
or high systemic toxicity. In this view, nanocarriers can be envisaged as a suitable 
tool that can couple therapeutic efficacy and reduction of adverse side effects.  
The research activity of my Doctoral program was aimed at identifying 
appropriate nanocarriers for skeletal muscle cells, as potential vectors of therapeutic 
agents for treating missplicing in DM, a neuromuscular disease of genetic origin 
still lacking specific treatment.  
There are two main differences between selecting nanocarriers suitable for 
treating cancer cells or for delivering active molecules to skeletal muscle: 1) treating 
cancer means to kill the diseased cells while muscle treatment implies to cure the 
cells in order to restore the physiological conditions or, at least, limit the 
pathological features; 2) cancer cells are highly proliferating cells while muscle is 
composed of terminally differentiated cells unable to proliferate (myofibres), and 
quiescent cells (satellite cells) that can be activated (myoblasts) thus undergoing 
proliferation and differentiation. These special needs oriented my efforts towards 
nanocarriers that had already been demonstrated to be biocompatible and 
biodegradable in different biological systems. 
The aim of the first study was to monitor by fluorescence and transmission 
electron microscopy techniques the uptake and intracellular fate of different 
biocompatible nanocarriers which already proved to be efficient drug delivery 





University of Torino by Prof. Arpicco’s, Prof. Berlier’s, and Prof. Stella’s groups; 
my task was to investigate their relationships with cultured cells. Microscopical 
techniques were a powerful approach to elucidate the precise spatial and functional 
relationships of nanocarriers with cell constituents, especially in relation to the 
internalization and degradation pathways, thus clarifying the interaction 
mechanisms and the potential risks of NPs administration: fluorescence microscopy 
provided information on the uptake and distribution of NPs in the whole cell 
population, while transmission electron microscopy allowed to visualize at high 
resolution the intracellular location of NPs, and to detect ultrastructural cell 
damages undetectable at light microscopy or by cytotoxicity assays (Costanzo et 
al., 2016, 2017a,b). 
Based on the results obtained in this first study, selected nanocarriers (LPs, 
MSNs and PLGA NPs) were tested on primary human myoblasts and myotubes 
obtained from skeletal muscle biopsies and their derived myotubes (Guglielmi et 
al., submitted). It should be underlined that these cells are quite difficult to obtain 
and grow in vitro, hence the results of our work may contribute to the progress of 
knowledge in this field. Table 5 summarizes the results obtained in these primary 







Table 5. Mechanisms of internalization and cell viability of different types of NPs into primary 
human myoblasts 
 
We confirmed that the chosen NPs are biocompatible for muscle cells, although 
at lower concentrations than those reported as safe for some cancer cell lines (e.g. 
Slowing et al., 2006; Arpicco et al., 2013; Jonderian and Maalouf, 2016; 
Quagliariello et al., 2017). In particular, we found that LPs and MSNs induced a 
significant increase in cell death at the highest NPs concentrations tested (0.1 mg/ml 
and 0.4 mg/ml, respectively) and at the longest incubation times (72h). It may be 
hypothesized that LPs, which rapidly disassemble in the cytoplasm (as 
demonstrated in Costanzo et al., 2016), may cause a lipid overloading thus 
interfering with cell metabolism. MSNs were found to accumulate inside the cell 
for long time (up to 4 days) without undergoing evident degradation or inducing 
cell damage (Costanzo et al., 2016), even in an immortalized murine myoblast cell 
line (Poussard et al., 2015). However, primary myoblasts were found to be more 
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sensitive than established cell lines to the accumulation of MSNs, which maybe 
hinder cell functions in the long term (Guglielmi et al., submitted). On the other 
hand, PLGA NPs did not affect myoblast death at any concentration and time 
investigated and proved to undergo degradation via the lysosomal pathway thus 
avoiding long-term intracellular accumulation. In addition, in Guglielmi et al. 
(submitted) we evidenced that muscle-derived cells have lower internalization 
capability than cancer cells.  
It is known that different cell types may differently react to nanocarrier 
administration; in particular, it has been demonstrated that myoblasts are much 
more sensitive (Nie et al., 2012) and internalize nanocarriers less efficiently than 
other cell types (Freichels et al., 2011; Pan et al., 2012). It may be hypothesized that 
these discrepancies are related to different metabolic rates or peculiar cell features, 
such as different membrane composition or endocytic capability. We also observed 
that the uptake of all NPs tested was less prominent in primary human myotubes 
than in myoblasts, according to a previous study reporting that some nanocarriers 
able to easily enter myoblasts are not internalized by myotubes (Salova et al., 2011). 
Several factors may be involved in this phenomenon: 1) cycling cells have higher 
metabolic rate than terminally differentiated resting cells (Chang et al., 2007); 2) 
myoblast differentiation into myotubes entails a differential expression of several 
membrane proteins and lipids (Kislinger et al., 2005; Briolay et al., 2013; Forterre 
et al., 2014); 3) the different composition of the culture media for myoblasts and 
myotubes may affect the adsorption of environmental proteins on NPs thus altering 
in turn their interactions with the cells (Mahmoudi, 2018).   
The identification of PLGA 75:25 and 50:50 NPs as nanocarriers suitable for 
human muscle cells (Guglielmi et al., submitted) opened the way to preliminary 
tests in vitro on the therapeutic efficacy of PLGA NPs loaded with PTM-B on 
myoblasts from a DM1 patient. PTM was, in fact, identified as a promising agent 
to recover missplicing in DM1 (Warf et al., 2009) The synthesis and 
characterization of PTM -loaded PLGA NPs was performed at the University of 
Torino and I tested their effects on DM1 cultured primary myoblasts. Despite the 
considerable difficulties in treating these diseased cells, the results of this pilot 






to limit the formation of nuclear foci (i.e., one of the typical pathological features 
of DM: Miller et al., 2000; Meola and Cardani, 2009) while reducing the cell death 
rate due to drug toxicity. Moreover, the viability of cells treated with PLGA 75:25 
NPs is higher than that of cells treated with PLGA 50:50 NPs, likely due to the 
higher hydrophilicity of the latter ones that speeds up polymer hydrolysis and drug 
release. These results are obviously very preliminary, and studies are currently 
ongoing at the University of Torino in order to better characterize and optimize 
PTM loading and release in PLGA NPs. 
The preliminary results obtained with PLGA NPs loaded with PTM-B 
encouraged us to focus our research on the synthesis of a highly biocompatible 
nanocarrier for an even more efficient and safer delivery of this drug. During my 
stage at the University of Lyon, I succeeded to synthesize novel PNPs made of HA 
and polyarginine (HA-PArg NPs) (Carton et al., submitted). We selected HA as a 
natural polysaccharide with high biocompatibility and biodegradability. 
Chemically, HA is a linear polysaccharidic glycosaminoglycan (GAG) formed of 
identical subunits (D-glucuronic acid and N-acetyl-D-glucosamine disaccharides) 
bound together by glyosidic bonds. Biologically, it is an important component of 
the extracellular matrix (ECM) highly distributed throughout connective, epithelial, 
and neural tissues. The natural origin of HA ensures it to be non-toxic, non-
immunogenic and highly biocompatible for human body. A number of authors have 
reported the potential of HA to form complexes, micelles, NPs, microparticles and 
hydrogels for gene- and drug-delivery application: their potential for anticancer 
treatments has been widely explored, especially as multifunctional carriers for a 
variety of drugs and nucleic acids in combination therapies, immunomodulation 
and theranostics (Cadete and Alonso, 2016; Dosio et al., 2016; Swierczewska et al., 
2016; Eroglu et al., 2017). They have also been envisaged as efficient nanocarriers 
for intra-articular injection to treat knee osteoarthritis (He et al., 2017), or for oral 
drug administration to cure inflammatory bowel disease (Si et al., 2016; Sithole et 
al., 2017), or for successfully delivering antiphlogistic agents for the treatment of 
diverse ocular inflammations (Sharma et al., 2016). HA-based NPs have also been 
considered for delivering active molecules across the blood-brain barrier (Lalatsa 





with HA significantly improved their active cell targeting (e.g., Pradhan et al., 2015; 
Wang et al., 2015; Cao et al., 2018; Ricci et al., 2018; Sang et al., 2018). Although 
to our knowledge no data on effects of HA-based NPs in muscle cells are available, 
Wang et al. (2009) demonstrated that scaffolds made of HA at appropriate 
concentration are well biocompatible for skeletal muscle cells and can promote their 
cell proliferation and growth. All these data make HA a favorable material for drug 
delivery systems to the skeletal muscle.  
The delivery of PTM-S using NPs made of HA was investigated by Carton et al. 
(submitted) in human lung carcinoma cells and human breast adenocarcinoma cells 
(A549 and MDA-MB-231): we demonstrated that NPs-carried PTM-S was more 
toxic than PTM-S administered as a free molecule, probably due to an enhanced 
internalization of the encapsulated drug by cancer cells. The administration of 
PTM-loaded NPs is currently under investigation on cultured muscle cells. Our 
preliminary results indicate that, similarly to PLGA NPs, LPs and MSNs, HA-PArg 
NPs are well tolerated by cultured muscle cells, but lower concentrations must be 
used compared to cancer cells; moreover, as much as it occurs in cancer cells, PTM-
loaded NPs induced a higher cell death rate than the free drug. Tests using 
fluorescently-labelled HA are ongoing to monitor the uptake, biodistribution and 
degradation NPs in skeletal muscle cells.  
All the encouraging experimental work described above was performed using 
cells in culture; however, it should be kept in mind that nanocarriers are intended 
to be used in living organisms that are much more highly complex systems, and that 
the biological environment (the body fluids and intercellular milieu) submits 
nanoconstructs to multiple physicochemical interactions which can radically 
change their behaviour. Therefore, in vivo experiments are mandatory to determine 
the suitability of a nanoconstructs for biomedical use; however, this experimental 
phase implies several ethic and economic problems. In this view, the fluid dynamic 
in vitro system set up in the frame of my Doctoral project represents a suitable 
intermediate step between in vitro and in vivo experimentation (Carton et al., 2017). 
In fact, this system allowed us to utilize organs and tissues explanted from untreated 
laboratory animals from various experimental protocols and destined to be 






mimicking under in vitro conditions the complexity of biological systems, which 
are composed of different tissues with peculiar cells and extracellular matrix and 
exist in dynamic environments where physiological fluids are constantly moving. 
These conditions are obviously hard to replicate in conventional 2D or 3D cell 
culture or co-cultures, and even the recent microfluidic organs-in-chip technology 
is far from reliably mimicking tissue and organ physiology (Sosa-Hernández et al., 
2018; Weinhart et al., 2018). 
The fluid dynamic conditions set up in our laboratory allowed a prolonged 
preservation of muscle tissue in comparison to previous methods (see references in 
Carton et al., 2017), as proved by the high-resolution analysis at transmission 
electron microscopy. Interestingly, although mitochondria are highly sensitive to 
environmental alterations, they maintained a good morphology up to 48 h whereas, 
at this time point, the myofibrils lost their typical organization in sarcomeres. These 
observations suggest a degradation of the cytoskeletal components rather than a 
generalized necrotic process. Accordingly, skeletal muscle is known to respond to 
mechanical stimuli and, in particular, disuse induces a loss of contractile proteins 
mainly due to the unbalanced regulation of protein catabolism and anabolism 
(Baldwin and Haddad, 2001; Kandarian and Stevenson, 2002). In this view, as a 
future development of our fluid dynamic in vitro system, an electric pulse 
stimulation in vitro (e.g. Evers-van Gogh et al., 2015) could be envisaged to further 
prolong skeletal muscle tissue preservation. 
The maintenance of explanted murine soleus muscles in our fluid dynamic 
system allowed us to obtain essential information on the interaction between PLGA 
NPs and muscle tissue. In fact, the PLGA NPs, which proved to be easily 
internalized and well tolerated by cultured muscle cells, were found to be entrapped 
in the connective tissue and be unable to enter myofibers. The nanocarriers have to 
pass through the connective tissue before reaching and entering the myofibers, 
irrespective of the selected administration route for the DM therapeutic agent (by 
intramuscular injection, as in Lee et al., 2012; subcutaneously, as in Weeler et al., 
2012 or in Pandey et al., 2015; intraperitoneally, as in Parkesh et al., 2012; 
intravenously as in Leger et al., 2013). Our fluid dynamic in vitro model will allow 





intramuscular distribution of NPs; in particular, targeting strategies (such as 
carnitine conjugation) are under investigation (Ebner et al., 2015). This 
experimental phase will provide the scientific know-how to proceed in assessing 
the biodistribution in vivo of highly selected nanocarriers. 
The application of the fluid dynamic conditions may be extended to organs and 
tissues other than the skeletal muscle, and also to biological material obtained by 
bioptic and surgery procedures in humans and animals. This opens interesting 
perspectives for the development of this fluid dynamic in vitro system for testing 
the effects of NPs and, more generally, active molecules, significantly reducing the 
number of animals and, consequently, the costs and the time required for the 
experimentation. At present, experimentation in vivo cannot be completely replaced 
by our fluid dynamic in vitro system, but the potential of our application of fluid 
dynamic culture for the preservation of explanted organs attracted the attention of 
the association I-CARE Europe Onlus, committed to the respect of the 3R 
principles, that offered us a financial support. Moreover, the interesting results 
obtained with the in vitro preservation of skeletal muscle provided a suitable 
experimental basis to plan the adaptation of the fluid dynamic in vitro system to 
laminar organs (e.g., skin, gut, blood vessels) in order to investigate the interactions 
of NPs with various biological barriers. Recently our project obtained a financial 
support by the University of Verona in the frame of a call promoting the cooperation 
between Academia and Companies. 
In conclusion, the application of nanotechnology to cure skeletal muscle is an 
intriguing challenge and the work performed during my Doctoral program may be 
considered as a step only in a long way to go.  
In recent years, the evidence that most of the tested nanoconstructs could not 
actually find application in the clinical practice led to a moment of reflection in the 
scientific community (Mahmoudi, 2018), as to how nanotechnology may more 
affectively impact on therapy. In my opinion, based on the experience gained during 
my Doctoral program, chemists, pharmacologists, biologists and physicians should 
strictly cooperate to manufacture biocompatible nanoconstructs able to interact with 
tissues and cells in their natural environment, while being suitable for carrying 






of drug-loaded NPs on cells should carefully be monitored at high resolution by 
refined microscopical and imaging techniques. The future of nanomedical research 



















During my Doctoral program, besides my research on biocompatible 
nanocarriers for skeletal muscle, I gave my contribution to two collaborative 
studies: 
- In the frame of a collaboration with Prof. Goria Berlier (Department of 
Chemistry and NIS Research Centre, University of Torino, Italy), MSNs were 
functionalized with HA to improve their active targeting to different tumor cell 
lines in vitro (Ricci et al., 2018). My task was to culture cells and apply 
fluorescence microscopy techniques. 
 
- In the frame of a collaboration with Dr. Gabriele Tabaracci (San Rocco Clinic, 
Montichiari, BS, Italy), we explored the effects of the exposure to low ozone 
concentrations on adult stem cells derived from adipose tissue at various steps 
of the cell differentiation process (Costanzo et al., 2018). My task was to apply 
cytochemical and morphometrical techniques at light microscopy. 
 
As a result of these collaborative researches, two scientific articles were 



















V. Ricci, D. Zonari, S. Cannito, A. Marengo, Mt. Scupoli, M. Malatesta, F. Carton, 
F. Boschi, G. Belier, S. Arpicco (2018). Hyaluronated mesoporous silica 
nanoparticles for active targeting: influence of conjugation method and hyaluronic 
acid molecular weight on the nanovector properties. J. Colloid Interface Sci. 

















































































M. Costanzo, F. Boschi, F. Carton, G. Conti, V. Covi, G. Tabaracci, A. Sbarbati, 
M. Malatesta (2018): Low ozone concentrations promote adipogenesis in human 
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